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Abstract
Osteoporosis is a disease with which bone progressively loses density and becomes
fragile, leading to high risk of bone fracture. It is a major health issue in Australia,
especially in the elderly population. Early awareness about the disease can help find
effective medication and reduce bone fractures with appropriate lifestyle changes. In
medical diagnosis, bone mineral density (BMD) measurement is used. However, there
are increased evidences to demonstrate that BMD measurement alone may be insuffi-
cient to detect the pathological changes in bone that caused by the disease. Therefore,
it is essential to gain a more complete understanding of the bone properties and their
effect on osteoporosis.
Bone is a hierarchical composite material, which mainly consists of mineral apatite
and organic matrix. Previous studies found that osteoporosis or aging could cause
microstructural changes in trabecular bones of a proximal femur, the most common
site for osteoporosis, and an increased degree of anisotropy was observed in osteoporotic
bone properties. To identify the risk of fracture occurrence in the proximal femur as well
as to prevent bone fracture, it is important to understand the relationship between bone
mineral composition and bone mechanical properties. This thesis thus focused on the
characterisation of the mechanical properties and mineral composition of trabecular
bone, in order to address several key issues relating to the causes of osteoporosis,
including: how does trabecular bone respond to different loading directions? how do
bone cysts (which are the implication of pathological scenario due to the trabecular
fracture) affect the mechanical properties and the mineral composition of trabeculae
? how does the mineral content affect the mechanical properties of trabeculae across
different trabecular types and pathology scenarios ?
To answer those questions, trabecular bone samples harvested from bovine and hu-
man femoral heads were prepared for testing. Nanoindentation was first used to charac-
terise the mechanical behaviour of trabeculae and atomic force microscopy (AFM) was
employed to examine the bone surface tomography. Quantitative backscattered elec-
tron imaging (qBEI) was utilized for determining the bone mineral density distribution
and the mineral content.
ii
The results showed that at microscopic scale longitudinal trabeculae were stiffer and
harder than transverse trabeculae, because those bones were more highly mineralized.
Longitudinal trabeculae also exhibited greater resistance to plastic deformation. The
difference in mechanical properties between longitudinal and transverse trabeculae is
partially attributed to the difference in their mineral compositions. To further under-
stand the mechanical behaviour of trabeculae, longitudinal and transverse trabeculae
were tested in two orthogonal directions. Results showed that both longitudinal and
transverse trabeculae had greater elastic modulus in axial direction than in radial di-
rection. Because the axial loading direction is axially aligned with the primary loading
direction of a proximal femur, the mechanical anisotropy could be due to the orien-
tation preference of trabecular bone at the lowest level of hierarchy, i.e. collagen and
mineral level.
This study also discovered that bone cysts in the proximal femur could significantly
affect the mechanical properties of longitudinal and transverse trabeculae. The ab-
normal trabeculae, i.e. the bones with cysts, were stiffer and harder than the normal
bone, i.e. the bones without cysts. The significant difference in modulus and hardness
between the normal and abnormal trabeculae was observed often in the lower calcium
concentration groups. The abnormal trabeculae exhibited less capability for containing
elastic and plastic deformation. These findings suggest that trabeculae are more brittle
under certain pathological conditions, such as bone cysts.
In summary, fragility of a proximal femur is believed to be related to mineral com-
position, stiffness and hardness of its bone tissue. The alternation of the bone organic
matrix might be responsible for the mechanical behaviour of the bone under patholog-
ical scenario. Therefore, a stiffer bone matrix can increase the brittleness of a bone
material, hence, or the fragility of bone tissues. This study also indicates that organic
phases, i.e. collagen, could affect, or at least partially, the mechanical behaviour of
trabecular bone tissues. As a consequence, the study of bone mechanical property and
fracture associated with osteoporosis should take into account for the contribution of
both organic phase and mineral composition.
iii
Declaration by author
This thesis is composed of my original work, and contains no material previously
published or written by another person except where due reference has been made in
the text. I have clearly stated the contribution by others to jointly-authored works
that I have included in my thesis.
I have clearly stated the contribution of others to my thesis as a whole, including
statistical assistance, survey design, data analysis, significant technical procedures,
professional editorial advice, and any other original research work used or reported
in my thesis. The content of my thesis is the result of work I have carried out since
the commencement of my research higher degree candidature and does not include a
substantial part of work that has been submitted to qualify for the award of any other
degree or diploma in any university or other tertiary institution. I have clearly stated
which parts of my thesis, if any, have been submitted to qualify for another award.
I acknowledge that an electronic copy of my thesis must be lodged with the University
Library and, subject to the policy and procedures of The University of Queensland,
the thesis be made available for research and study in accordance with the Copyright
Act 1968 unless a period of embargo has been approved by the Dean of the Graduate
School.
I acknowledge that copyright of all material contained in my thesis resides with the
copyright holder(s) of that material. Where appropriate I have obtained copyright




Chih-Ling Lin, V.R. Toal, B.W.Cribb, C.J. Adam,and H,Huang, ”Effect of trabec-
ular orientation on mechanical properties: nanoindentation study of human femoral
head”, Abstract 5th International Conference on Mechanics of Biomaterials and Tis-
sue (ICMoBT), December, 2013, Sitges, Spain.
Chih-Ling Lin, V.R. Toal, B.W.Cribb, C.J. Adam,and H,Huang, The effect of sample
preparation on the mechanical properties of trabecular bone measured by nanoinden-
tation (In preparation).
Publications included in this thesis
No publications included.
Contributions by others to the thesis
No contributions by others.





I would like to take this opportunity to thank those have shared their expertise with
me along the way and who have provided great support and friendship during my PhD
studies.
To my supervisors Prof. Han Huang and Dr. Bronwen Cribb: Thank you for
sharing your enthusiasm and passion for research and your knowledge and experience
in this field. I feel privileged to have undertaken my PhD studies under your guidance
and thank you for your unremitting support, direction and encouragement over past
four years. To people from QUT: A/Prof. Clayton Adam for the collaboration and
valuable feedback and advice on trabecular bone mechanics; Dr. Victoria Toal for
your friendship and company for many hours we shared in the lab and in discussion of
my work; Dr. Peter Hines and his colleagues at CARF (Central Analytical Research
Facility) for advice on microscope experiments; Mr Markus Mehnert for his efforts in
preparing bone samples; Ms Melissa Johnston at medical engineering lab for all of
technique help in the lab.
Prof. Mark Forwood from Griffith University for providing access to human bone
samples.
To my colleagues, past and present, in the Nanomechanics and Nanomanufacturing
Group, especially Dr. Jerome Wu, Dr. Rudy Irwan and Dr. Mingyuan Lu, thank you
for being such awesome mentors for sharing your advice on not only technical topics,
but also on the many aspects of life.
On a personal level, progress through my PhD has been supported through many
friends. In particular to Liliana, Angelica, Maria, Dinah, Mauricio, Sandy, Hugh,
Michele, Gonzalo: thank you for many enjoyable chats, coffee breaks and laughs during
my stay at UQ.
And finally, to my wonderfully supportive family and friends back home without
whom this journey would simply not have been possible.
vi
Keywords
Atomic Force Microscopy (AFM), bovine bone, bone mineral density distribution
(BMDD), human bone, nanoindentation, proximal femur, trabecular bone tissue, quan-
titative Backscattered Electron Imaging (qBEI)
Australian and New Zealand Standard Research Classifications (ANZSRC)
090301 Biomaterials 30%
090302 Mechanical Engineering not elsewhere classified 50%
100799 Nanotechnology not elsewhere classified 20%
Fields of Research (FoR) Classification
0913 Mechanical engineering 100%
vii
Contents
List of Tables xii
List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xiii
List of Figures xiv
List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xxv
Abbreviations and Nomenclature xxvi
1 Introduction 1
1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
2 Background 5
2.1 Function and adaptation of bone . . . . . . . . . . . . . . . . . . . . . . 5
2.2 Bone remodelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.3 Bone composition and structure . . . . . . . . . . . . . . . . . . . . . . 7
2.3.1 Composition of bone . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.3.2 Hierarchical structure of bone . . . . . . . . . . . . . . . . . . . . 8
2.4 Osteoporosis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.5 Why assess bone quality ? . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.6 Architecture of trabecular bone tissue . . . . . . . . . . . . . . . . . . . 19
2.6.1 Changes in trabecular pattern . . . . . . . . . . . . . . . . . . . 23
2.6.2 Changes in trabecular microstructure . . . . . . . . . . . . . . . 25
2.7 Nanoindentation of bone . . . . . . . . . . . . . . . . . . . . . . . . . . 29
2.7.1 Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
2.7.2 Testing method and considerations . . . . . . . . . . . . . . . . . 37
2.7.3 Mechanical behaviour of bone . . . . . . . . . . . . . . . . . . . . 40
2.8 Quantitative backscatter electron imaging (qBEI) . . . . . . . . . . . . 43
2.8.1 Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
viii
2.8.2 qEBI of mineralized bone tissue . . . . . . . . . . . . . . . . . . . 47
2.9 Specific aims . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
2.10 Outlines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
3 Materials and methods 53
3.1 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
3.1.1 Bovine bone . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
3.1.2 Human bone . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
3.2 Sample preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
3.2.1 Cutting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
3.2.2 Cleaning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
3.2.3 Fixation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
3.2.4 Dehydration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
3.2.5 Embedding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
3.2.6 Polishing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
3.3 Nanoindentation of bone . . . . . . . . . . . . . . . . . . . . . . . . . . 65
3.3.1 Instrumentation . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
3.3.2 Nanoindentation set-up . . . . . . . . . . . . . . . . . . . . . . . 67
3.3.3 Procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
3.3.4 Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
3.4 Atomic force microscopy(AFM) . . . . . . . . . . . . . . . . . . . . . . 75
3.5 Quantitative backscattered electron imaging (qBEI) . . . . . . . . . . . 78
3.5.1 Instrumentation . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
3.5.2 qBEI procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
3.5.3 Calibration of BSE signal . . . . . . . . . . . . . . . . . . . . . . 80
3.5.4 Standization of the BSE signal . . . . . . . . . . . . . . . . . . . 80
3.5.5 BE image analysis . . . . . . . . . . . . . . . . . . . . . . . . . . 82
3.5.6 Bone mineral density calibration(BMDD) analysis . . . . . . . . 86
3.5.7 Analysis of local mineral content . . . . . . . . . . . . . . . . . . 88
3.6 Statistical analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
4 Effects of sample preparation on the mechanical properties of bovine
trabecular bone 91
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
4.2 Experimental details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
ix
4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
4.3.1 Effect of dehydration on Er, H and creep . . . . . . . . . . . . . 98
4.3.2 Effect of the embedding medium on Er and H . . . . . . . . . . . 100
4.3.3 Effect of trabecular orientation Er and H . . . . . . . . . . . . . 101
4.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
4.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
5 Nanoindentation of human trabecular bone 109
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
5.2 Experimental details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
5.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
5.3.1 Surface topography . . . . . . . . . . . . . . . . . . . . . . . . . 112
5.3.2 Nanoindentation P-h curves . . . . . . . . . . . . . . . . . . . . 117
5.3.3 Mechanical properties of trabeculae . . . . . . . . . . . . . . . . 120
5.3.4 Deformation characteristics . . . . . . . . . . . . . . . . . . . . . 123
5.3.5 Nanoindentation work . . . . . . . . . . . . . . . . . . . . . . . . 125
5.3.6 Effect of age . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130
5.3.7 Effect of bone cyst . . . . . . . . . . . . . . . . . . . . . . . . . . 130
5.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
5.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143
6 qBEI of human trabecular bone 145
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145
6.2 Experimental details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147
6.2.1 The stability of probe current . . . . . . . . . . . . . . . . . . . . 148
6.2.2 Damage of the bone tissue caused by the electron beam . . . . . 149
6.3 Results of BMDD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151
6.3.1 Typical BE image and BMDD of trabeculae . . . . . . . . . . . . 151
6.3.2 BMDD of longitudinal and transversal trabeculae . . . . . . . . . 157
6.3.3 Effect of age on BMDD of trabeculae . . . . . . . . . . . . . . . . 159
6.3.4 Comparison of BMDD between normal and abnormal trabecular
bone . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162
6.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163
6.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168
x
7 Correlation of mechanical properties of trabeculae with mineral con-
tent 169
7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169
7.2 Experimental details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171
7.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172
7.3.1 Comparison of Ca/indent between longitudinal and transverse tra-
beculae . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172
7.3.2 Comparison of Ca/indent between the axial and radial loading di-
rections . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173
7.3.3 Comparison of Ca/indent between normal and abnormal trabecular
groups . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174
7.3.4 Correlation of Ca/indent with bone tissue mechanical properties . 175
7.3.5 Correlation of bone tissue deformation with Ca/indent . . . . . . . 178
7.3.6 Correlation of nanoindentation work with Ca/indent . . . . . . . . 180
7.3.7 Effect of bone cysts on Ca/indent . . . . . . . . . . . . . . . . . . 183
7.3.8 Effect of donor age on Ca/indent . . . . . . . . . . . . . . . . . . . 186
7.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186
7.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 191
8 Conclusions and future works 193
8.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 193




2.1 Five levels of hierarchy in bone adapted from (An, 2000; Jee, 2001). . . 8
2.2 Four levels of hierarchy in bone adapted from (Mller, 2009). . . . . . . . 9
3.1 Details of human specimens used in this study. . . . . . . . . . . . . . . 56
3.2 Protocol for dehydration steps . . . . . . . . . . . . . . . . . . . . . . . 61
3.3 Details of chemicals used for embedding protocol. . . . . . . . . . . . . 62
3.4 Protocol for embedding steps . . . . . . . . . . . . . . . . . . . . . . . . 62
3.5 AFM image settings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
3.6 SEM parameters setting for qBEI . . . . . . . . . . . . . . . . . . . . . 79
4.1 Distribution of trabecular samples for dehydration and embedding pro-
cedure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
4.2 Reduced elastic modulus (Er), hardness (H) and creep values of bone
tissues under different dehydration times. . . . . . . . . . . . . . . . . . 99
4.3 Reduced elastic modulus (Er) and hardness (H) values of bone tissues
embedded in different media. . . . . . . . . . . . . . . . . . . . . . . . . 101
4.4 Reduced elastic modulus (Er) and hardness (H) values of bone tissue
oriented in different directions. . . . . . . . . . . . . . . . . . . . . . . . 102
5.1 The mechanical properties, Er and H, for various human and animal
trabecular bones measured by nanoindentation. . . . . . . . . . . . . . . 137
6.1 BMDD parameters, Camean, Capeak and Cawidth measured from a tra-
becular area during assessment of beam current stability of the SEM. . 149
6.2 BMDD parameters, Camean, Capeak and Cawidth in a trabecular area
obtained for studying the possible damage caused by an electron beam
at 0.227 nA on BMDD parameters. . . . . . . . . . . . . . . . . . . . . 151
6.3 Mean Camean for indented longitudinal (Long) and transverse (Trans)
trabeculae for all donors. . . . . . . . . . . . . . . . . . . . . . . . . . . 158
xii
6.4 Mean Capeak for indented longitudinal (Long) and transverse (Trans)
trabeculae for all donors. . . . . . . . . . . . . . . . . . . . . . . . . . . 158
6.5 Mean Cawidth for indented longitudinal (Long) and transverse (Trans)
trabeculae for all donors. . . . . . . . . . . . . . . . . . . . . . . . . . . 159
6.6 Reference BMDD values reported by Roschger et al. (2003). . . . . . . . 166
7.1 Mean Ca/indent measured in longitudinal and transverse trabeculae. . . . 173
xiii
List of Figures
1.1 Scheme of changes in the trabecular pattern of a proximal femur (Singh
et al., 1970). In a healthy bone (grade 6), longitudinal (A) and trans-
verse (B) trabeculae are both prominent in the proximal femur. During
the development of osteoporosis, the transverse trabeculae is discontin-
uous and some are completed absorbed, eventually losing connectivity
(grade 5 to grade 3). As a result, the only prominent trabecular group
is longitudinal trabeculae. In a severe osteoporosis case (grade 1), the
longitudinal trabeculae are markedly reduced in number. . . . . . . . . 3
2.1 The schematic outline of the bone remodelling cycle (Persy & D’Haese,
2009). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.2 (a) SEM image shows osteocytes are connected with their neighbours via
canaliculi (Manolagas & Parfitt, 2010). The osteocytecanalicular net-
work works as the transmission for the fluid flow induced by the mechan-
ical load. (b) The light microscopic image of dehydrated and embedded
bone tissue showing the presence of lacunae (red arrows). . . . . . . . . 7
2.3 Anterior view of the femur. . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.4 Images of the femur (Jee, 2001). (a) Photograph of a femur cut in a
frontal plane. (b) Radiography of same bone section. . . . . . . . . . . . 10
2.5 Optical microscopy image shows osteons (marked by the blue lines) with
lacunae and Harversian canals (HC) from the dehydrated and PMMA-
embedded bone. Note interstitial lamellae sit in between osteons. . . . . 11
2.6 (a) Scanning electron microscopy (SEM) image of trabeculae (Liebschner
& Wettergreen, 2003). (b) Stained vertebral trabeculae showing five
packets were separately by the cement lines. Note that lacunae are seen
between bone packets. Image was adapted from (Gmez Salvador, 2005). 12
xiv
2.7 Trabeculae exhibits the organized stacked lamellar appearance. Note la-
cunae are also shown between lamellae. Image was adapted from (Cooper
et al., 1966). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.8 Backscattered electron image of single trabecula with various mineralized
bone packets (shown in number) (Fratzl et al., 2004). Highly mineralized
cement lines showing in white lines that separate trabecular packet. . . 14
2.9 Schematic diagram of the lamellar bone constructing from mineralized
collagen fibrils. 1: Bone is assemble from two major nanophases: rod-
like triple helix collagen molecue and the plate-shaped hydroxyapatite
nanocrystals (HA). 2: Collagen molecules are reinforced with HA crys-
tals. The HAs are preferentially oriented with their C-axis parallel to
the collagen fibrils, and arranged in a periodic, staggered array along the
fibrils (Fratzl et al., 2004). 3: Each collagen fibril has an approximately
67 nm overlapping zone. 4: Mineralized collagen fibrils assemble further
and are staggered together in larger collagen fibers. 5: The collagen
fibers form into larger aggregated bundles. . . . . . . . . . . . . . . . . 15
2.10 AFM image of (a) the collagen fibrils showing the 67 nm D-bending
pattern (Fantner et al., 2006), and (b) non-fibrillar organic matrix acts
as ”glue” (indicating in white arrows) to hold the mineralized fibrils
together in the area of a crack formation (Hansma, 2006). . . . . . . . . 16
2.11 Trabecular architecture of (a) normal and (b) osteoporotic bone (Foun-
dation, 2005). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.12 (a) Radiography of a sagittal section of vertebral body. (b) Enlarged area
of vertebral trabecular bone showing a lattice of the vertical trabeculae
(VT) and the horizontal trabeculae (HT) (MeCormick, 2015). . . . . . . 20
2.13 (a) Radiography of a coronal section of proximal femur showing the ar-
rangement of the trabecular bone (Boardman & Lieberman, 2006). (b)
A schematic drawing of trabecular pattern of proximal femur refers to
five trabecular groups that are clear apparent within the femoral head
and neck (Boardman & Lieberman, 2006). . . . . . . . . . . . . . . . . . 20
2.14 Schematic drawing of coronal section of human femora showing the growth
of trabecular bone in different time frame. Image adapted from (Towns-
ley, 1948). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
xv
2.15 Radiographic images showing the changes in trabecular pattern. (a)
Five trabecular groups are completely fill in the proximal femur. (b)
Both secondary compressive and tensile trabecular groups as well as the
greater trochanter group begin loss and become less dense. (c) Secondary
trabecular groups continuous loss. The principal tensile group begins
reduced and becomes less dense. (d) Secondary trabecular groups and
the greater trochanter group are absent. Only principal trabecular groups
are still present in the proximal femur but appearing less dense. Images
adapted from (Walker & Lovejoy, 1985). . . . . . . . . . . . . . . . . . . 24
2.16 MicroCT images of trabecular microstructure taken from lumbar spine.
Image adapted from (Van Lenthe & Muller, 2008). . . . . . . . . . . . . 25
2.17 (a) Typical load versus displacement (P-h) curve for a typical nanoinden-
tation. (b) indenter and sample surface at indenter loading and unloading
(Oliver & Pharr, 2004). . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
2.18 Typical loading functions and the corresponding P-h curves for (a) with-
out (b) with holding time (Ebenstein & Pruitt, 2006). . . . . . . . . . . 32
2.19 The P-h curves (a) without (b) and with a holding time allow calcula-
tion of energy (Oliver & Pharr, 2004). hr is the depth of the residual
impression, ht is the maximum penetration depth of the indenter at the
maximum load, Pt. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
2.20 SEM images of the tip of (a) Berkovich, (b) spherical and (c) cube-corner
indenter used for nanoindentation. Image adapted from (Fischer-Cripps,
2011b). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
2.21 Effect of pile-up or sink-in on the contact area for penetrations of a
sample depth ht. Image adapted from (Fischer-Cripps, 2011a). . . . . . 37
2.22 Interaction volumes between the electron beam and the sample (Wittke,
2008). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
2.23 (a) Calibration line of GLs into atomic numbers for the calibration of the
GL scale. (b) Standarization line of BE gray levels and Ca concentration
(Wt.%) (Roschger et al., 1998). . . . . . . . . . . . . . . . . . . . . . . . 46
3.1 Difference between the femora of cow and human. Notice that bovine
femoral head is less spherical than human bone. . . . . . . . . . . . . . 54
xvi
3.2 Typical (a) bovine and (b) human femoral head as used in the study.
Black scale bar = 1 cm. . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
3.3 Clinical CT images exhibit the (a) normal and (b) abnormal proximal
femurs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
3.4 The medial-lateral view of the right proximal femur obtained from the
75 year-old donor. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
3.5 The orientation of macroscopic trabecular bone in both anterior and
posterior hemispheres of the femoral head. The compressive trabecular
group is indicated by the black dashed arrow, while the tensile trabecular
group is indicated by the white dashed arrow. Note that the primary
loading direction (PLD) of the femoral head follows the direction of the
compressive trabecular group. . . . . . . . . . . . . . . . . . . . . . . . 59
3.6 Optical image of a typical bone sample with a clear trabecular network
after the removal of bone marrow. Both longitudinal (red ovals) and
transverse (black ovals) trabeculae can be identified. White scale bar =
5 mm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
3.7 Typical PMMA embedding steps. A trabecular bone block and green
beads were placed on the base mould. The green beads were used for
the identification of bone samples from different donors. The transparent
PMMA-embedded bone block were then ready for polishing. . . . . . . 63
3.8 The trabecular samples embedded in resin after polishing. Note that the
patterns indicate the polished bone surfaces are either perpendicular or
parallel to PLD of the proximal femur. Both samples contained longi-
tudinal (green circles) and transverse (red circles) trabeculae depending
on their locations with respect to the PLD of the proximal femur. One
scratch was indicated by the white arrow. . . . . . . . . . . . . . . . . . 64
3.9 Hysitron TriboIndenter system includes an optical microscope, a trans-
ducer attached to a triboScanner, an AFM, as well as the sample stage. 66
3.10 (a) The three-plate capacitive one-dimensional transducer. The Berkovich
tip is screw fastened into the transducer. (b) A scanning electron micro-
cope (SEM) image showing the Berkovich tip with three-side pyramidal
geometry. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
3.11 Typical light microscopic image of trabecular bone tissue within the em-
bedding medium (PMMA). . . . . . . . . . . . . . . . . . . . . . . . . . 68
xvii
3.12 Typical load function used in the nanoindentation tests. . . . . . . . . . 68
3.13 The effect of (a,b) loading and (c,d) unloading rate on the mechanical
properties of bovine trabecular bone. The maximum load was 2.0 mN.
The holding time was 30 seconds. No significant difference in Er and H
were observed for the different parameters. . . . . . . . . . . . . . . . . 70
3.14 Effect of holding times on the mechanical properties of bovine trabecular
bone tissue. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
3.15 Indentation performed on longitudinal trabecular bone samples (86 year-
old). Five indentation impressions (triangle shape) were left in the em-
bedding medium (PMMA). No impression was visualized in bone tissue. 71
3.16 Schematic illustration of longitudinal and transversal region of interest
for nanoindentation experiments. Two indentation directions, axial and
radial, were identified as the indentation performed along the PLD (grey
arrow) of the proximal femur and perpendicular to the PLD. Note: LA:
longitudinal trabeculae indented in the axial direction; LR: longitudinal
trabeculae indented in the radial direction; TA: transversal trabeculae
indented in the axial direction; TR: transversal trabeculae indented in
the radial direction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
3.17 (a) Light microscopy image from identical trabecular bone region. In-
dentation impressions can be observed in the resin but not on the bone
tissue. (b) The locations of indents made on bone tissue and resin are
marked by the asterisks. (c) An example of P-h curves obtained from
indentations made in different region. . . . . . . . . . . . . . . . . . . . 73
3.18 Typical P-h curve for human trabecular bone tissue. . . . . . . . . . . . 74
3.19 An example of (a) top-view and (b) 3D AFM image of bovine trabecular
bone tissue taken before nanoindentation. The black scale bar = 5 µm. 76
3.20 An example of a distorted AFM image of bovine trabecular bone tissue.
This image was taken when the tip was contaminated. The white scale
bar = 2 µm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
3.21 Sample holder mounted in JEOL 7001F showing the standard sample
(pure aluminium and carbon, Al-C) and 3 carbon-coated embedded tra-
becular bone samples. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
3.22 Example of probe current stability monitoring. . . . . . . . . . . . . . . 79
xviii
3.23 BE image of Al-C standard sample for BE signal calibration. The red
ellipses indicate the representative area for mean gray level evaluation. . 80
3.24 Calibration of BE signal. The calibration line (atomic numbers = 0.035×
GL + 5.104) was determined by the GL and atomic number of C and
Al. The calibration line was then used to determine the GL of pure HA
of known atomic number. . . . . . . . . . . . . . . . . . . . . . . . . . . 81
3.25 The calibration line (Ca, Wt.% = 0.035×GLs - 4.431) of BE gray levels
and calcium content (Wt.% Ca). . . . . . . . . . . . . . . . . . . . . . . 81
3.26 An example of the BE image taken from the indented trabeucla (a) and
the large area of the trabeuclar bone (b). White scale bar = 100 µm. . . 82
3.27 The histogram of pixel count versus gray level for a BE image of bone
tissue. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
3.28 Example of the selection of threshold for BE image. Note that change in
amount of noise (resulting in loss of details about bone tissue) when the
threshold value changes from its lower level to the higher level, shown
in red circles. The BE image (a) was converted into the binary images
(b,c,d). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
3.29 Results of removing small area from the binary image. (a) Original BE
image of bone tissue. (b) Binary image after thresholding. (c) Binary im-
age after removing small objects. Note red arrows and the circle indicate
the areas where small objects need to be removed. . . . . . . . . . . . . 85
3.30 (a) A region of interest (ROI) from the indented trabecula was chosen
by the white dashed line. (b) Binary image after thresholding the ROI. 86
3.31 Typical BMDD histogram derived from a BE image. . . . . . . . . . . . 87
3.32 Typical combination of nanoindentation and qBEI to assess local mineral
content of bone tissue. (a) Optical image of indented trabeculae. The
indentation impressions were easily identified in the embedding medium.
(b) Optical image with indents marked by red asterisks. These marks
were saved and used for defining the specific regions of interest for local
mineral content analysis. (c) Original BE image of trabeculae taken after
nanoindentation. Note indentation impressions can not seen either in the
embedding resin or bone tissue. (d) Red asterisks, corresponding to the
indent locations, which were subsequently transferred to the original BE
image. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
xix
4.1 Schematic of bone sectioning procedure. (a) Six bone slices were har-
vested from the centre of the first femoral head without any reference to
the PLD of the femoral head, indicated by the hollow arrow. (b) Two
trabecular samples were cut with their alignment based on the PLD of
the femoral head following the A-A and B-B cutting directions. Note
that longitudinal (solid white circle) and transverse (dashed white cir-
cle) trabeculae can be recognized when the section was done along the
PLD of the femoral head. . . . . . . . . . . . . . . . . . . . . . . . . . . 95
4.2 The optic image of the finish polishing bone sample. . . . . . . . . . . . 97
4.3 Typical load-displacement (P-h) curves obtained from the nanoindenta-
tion tests on the trabeculae dehydrated for 1 h and 0.5 h. . . . . . . . . 99
4.4 Typical load-displacement (P-h) curves of the trabeculae embedded in
different media. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
4.5 Typical load-displacement (P-h) curves of bovine trabeculae with differ-
ent orientations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
4.6 Comparison of AFM images and corresponding cross-section analysis be-
tween the longitudinal and transverse trabecular bone surfaces. (a) AFM
image of the longitudinal trabecular sample taken prior to nanoindenta-
tion. Average thickness of lamellae (black double sided arrow) is ap-
proximately 4 µm. (b) AFM image of indentation impression on the
longitudinal trabecular sample. (c) AFM image of the transverse trabec-
ular sample taken before nanoindentation. Average thickness of lamellae
(white double sided arrow) is approximately 6 µm. (b) AFM image of
indentation impression on the transverse trabecular sample. (e) The
comparison of bone surface profile along the lines in the longitudinal and
transverse samples. (f) The comparison of the residual depths obtained
from both bone samples. . . . . . . . . . . . . . . . . . . . . . . . . . . 103
4.7 Schematic drawing shows the indenter is pushed into a region where a
lacuna is hidden underneath the indenter. The dimension of the lacuna
is about 3×0.4 µm2. The lacuna and canaliculi are filled with embedding
media. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
xx
5.1 Schematic illustration of longitudinal and transversal region of interest
for nanoindentation experiments. Two indentation directions, axial and
radial, were identified as the indentation performed along the PLD (grey
arrow) of the proximal femur and perpendicular to the PLD, respectively.
Here, LA: longitudinal trabeuclae indented in the axial direction, LR:
longitudina trabeuclae indented in the radio direction. TA: transverseal
trabeuclae indented in the axial direction; TR: transversal trabeculae
indented in the radial direction. . . . . . . . . . . . . . . . . . . . . . . 111
5.2 Typical AFM images of longitudinal trabeculae taken (a) before and (b)
after nanoindentation. The lamellar structure is indicated by the distance
between two white dashed lines. The black dashed line indicates the
triangular impression made by the Berkovich tip. White circles indicate
the bone material prior to and after indentation. . . . . . . . . . . . . . 113
5.3 (a) AFM topography of the indent made on longitudinal trabeculae. The
cross-sectional profiles on (b,c,d) correspond to the three designated di-
rections indicated by the white dashed lines in (a), respectively. The
red, blue and green arrows indicated the approximate positions of the
impression on the bone tissue made by a Berkovich tip. . . . . . . . . . 114
5.4 Typical AFM images of transversal trabeculae taken (a) prior to and (b)
after nanoindentation. The black dashed line indicates the triangular
impression made by the Berkovich tip. . . . . . . . . . . . . . . . . . . . 115
5.5 (a) The AFM topography of the indent made on transverse trabeculae.
The cross-sectional profile son (b,c,d) correspond to the three designated
directions indicated by the white dashed lines in (a), respectively. . . . . 116
5.6 AFM images and cross-sectional profiles of the indents made on (a,b) lon-
gitudinal and (c,d) transverse trabeculae indented in the axial direction.
The scan size is 10 µm. . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
5.7 Typical nanoindentation P-h curves for longitudinal and transverse tra-
beculae. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
5.8 (a) The P-h curves of longitudinal trabeculae indented in the axial and
radial directions. (b) The P-h curves of transverse trabeculae indented
in the axial and radial directions. . . . . . . . . . . . . . . . . . . . . . . 119
xxi
5.9 (a) Means of Er for the longitudinal and transverse trabeculae, (b) means
of H for longitudinal and transverse trabeculae. The error bars denote
± standard deviations, and the asterisk marks significance to p < 0.05. . 121
5.10 (a) Means of Er for longitudinal and transverse trabeculae in different
indentation directions,(b) Means of H for longitudinal and transverse
trabeculae in different indentation directions. The error bars denote ±
standard deviations. The asterisk marks significance to p < 0.05. . . . . 122
5.11 (a) The means of elastic, he, and plastic, hp, deformation for longitudinal
and transverse trabeculae, and (b) means of he and hp for two types of
trabeculae indented in the axial and radial directions. . . . . . . . . . . 124
5.12 (a) Elastic and (b) dissipated indentation energies for longitudinal and
transverse trabeculae. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126
5.13 (a) Elastic and (b) dissipated indentation energies for longitudinal and
transverse trabeculae indented in the axial and radial directions. . . . . 127
5.14 The mean values of plasticity, ψ, were plotted against of contact depth.
(a) The comparison between longitudinal and transverse trabeculae. (b)
The comparison between longitudinal and transverse trabeculae indented
in the axial (A) and radial (R) direction, respectively. . . . . . . . . . . 129
5.15 The means of (a) Er and (b) H obtained from longitudinal and transverse
trabeculae were plotted as function of donor age. . . . . . . . . . . . . . 131
5.16 Comparison of the means of (a) Er and H (b) of longitudinal and trans-
verse trabeculae between the normal and abnormal trabecular groups.
The error bars denote ± standard deviations. The asterisk marks signif-
icance to p < 0.05. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132
5.17 The means of elastic, he, and plastic, hp, deformation of longitudinal and
transverse trabeculae in the normal and abnormal trabecular groups. . . 133
5.18 Comparison of the means of (a) UE and (b) UP of longitudinal and trans-
verse trabeculae between the normal and abnormal trabecular groups.
The error bars denote ± standard deviations. The asterisk marks signif-
icance to p < 0.05. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
6.1 The probe current time history through an entire qBEI process. . . . . . 148
6.2 Two BE images of bone specimens taken after exposing trabecular bone
to a beam current of 0.227 nA for (a) 5 minutes and (b) 30 minutes. . . 150
xxii
6.3 A representative BE image of trabeculae at ×20 magnification from a
65 year-old donor. Indented trabecular regions of interest (ROIs) are
marked by blue squares. . . . . . . . . . . . . . . . . . . . . . . . . . . . 151
6.4 Low magnification image of the first trabeculae shown in Fig. 6.11a revels
the lamellar structure (white dashed line), cement lines (red arrows) and
lacunae (white circle). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152
6.5 The second trabeculae shown in Fig. 6.3 demonstrates similar microstruc-
ture to the first trabeculae (shown in Fig. 6.4): lamellar structure (white
dashed line), cement lines (red arrows), lacunae (white circle), and a
Haversian canal (central yellow circle). . . . . . . . . . . . . . . . . . . . 153
6.6 The first trabecula from Fig. 6.3 viewed using backscattered electron
imaging. Average mineral content (obtained via qBEI) for the four bone
packets outlined is shown in the adjacent table. . . . . . . . . . . . . . . 154
6.7 The second trabecula from Fig. 6.3 viewed using backscattered electron
imaging. Average mineral content (obtained via qBEI) for the five bone
packets is presented in the adjacent table. . . . . . . . . . . . . . . . . . 154
6.8 Representative BMDD histograms from 1st and 2nd trabeculae as shown
in Fig. 6.3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155
6.9 Micro-cracks found in the highly mineralized bone packets and/or along
cement lines. The scale bar, indicated by the white line, is 100 µm. . . . 156
6.10 Comparisons of mean (a) Camean, (b) Capeak and (c) Cawidth between
longitudinal and transverse trabeculae. The error bars denote± standard
deviations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157
6.11 Means of (a) Camean, (b) Capeak and (c) Cawidth obtained from indented
longitudinal and transverse trabeculae plotted as a function of donors age.160
6.12 Means of (a) Camean, (b) Capeak and (c) Capeak from whole trabecular
bone plots (i.e. low magnification images) as a function of donors age.
The error bars denote ± standard deviations. . . . . . . . . . . . . . . . 161
6.13 Comparisons of (a) Camean, (b) Capeak and (c) Cawidth of longitudinal and
transverse trabeculae between normal and abnormal bone trabeculae.
The error bars denote ± standard deviations. . . . . . . . . . . . . . . . 162
xxiii
7.1 Comparison of Ca/indent between longitudinal and transverse trabeculae
for six samples. The error bars denote ± standard deviations. The
asterisk marks significance to p < 0.05. . . . . . . . . . . . . . . . . . . 173
7.2 Comparison of Ca/indent between longitudinal and transverse trabeculae
indented in the axial and radial direction. The error bars denote ±
standard deviations. The asterisk marks significance to p < 0.05. . . . . 174
7.3 Comparison of Ca/indent between longitudinal and transverse trabeculae
for normal and abnormal trabecular groups. The error bars denote ±
standard deviations. The asterisk marks significance to p < 0.05. . . . . 175
7.4 Linear regression analysis for the mechanical properties (Er and H) ver-
sus Ca/indent association for (a,c) longitudinal trabeculae and (b,d) trans-
verse trabeculae. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176
7.5 Averaged (a) Er and (b) H of longitudinal (Long) and transverse (Trans)
trabeculae plotted as a function of four Ca groups. The error bars denote
± standard deviations. The asterisk marks significance to p < 0.05. . . . 177
7.6 Linear regression analysis for he and hp versus Ca/indent correlation for
(a,c) longitudinal trabeculae and (b,d) transverse trabeculae. . . . . . . 178
7.7 Averaged (a) he and (b) hp of longitudinal (Long) and transverse (Trans)
trabeculae plotted as a function of four Ca groups. The error bars denote
± standard deviations. The asterisk marks significance to p < 0.05. . . . 179
7.8 Linear regression analysis for UE and UP versus Ca/indent correlation for
(a,c) longitudinal trabeculae and (a,c) transverse trabeculae. . . . . . . 181
7.9 Averaged (a) UE and (b) UP of longitudinal (Long) and transverse (Trans)
trabeculae plotted as a function of four Ca groups. The error bars denote
± standard deviations. The asterisk marks significance to p < 0.05. . . . 182
7.10 Linear regression analysis for Er versus Ca/indent for (a,b) normal and
(c,d) abnormal trabeculae. . . . . . . . . . . . . . . . . . . . . . . . . . 183
7.11 Linear regression analysis for H versus Ca/indent for (a,b) normal and
(c,d) abnormal trabeculae. . . . . . . . . . . . . . . . . . . . . . . . . . 184
7.12 The comparisons of mean (a) Er and (b) H for normal (N)/abnormal
(A) longitudinal (Long) and transverse (Trans) trabecular groups in four
Ca groups. The error bars denote ± standard deviations. The asterisk
marks significance to p < 0.05. . . . . . . . . . . . . . . . . . . . . . . . 185
xxiv
7.13 Mean of Ca/indent plotted as a function of donor age for longitudinal and
transverse trabeculae. Each data point is represented as the mean of
Ca/indent calculated from individual. . . . . . . . . . . . . . . . . . . . . 186
xxv
Abbreviations and Nomenclature








P-h Load and Displacement
S Stiffness









aBMD areal Bone Mineral Density
AFM Atomic Force Microscope
ANOVA Analysis of Variation
xxvi
BE Backscattered Electron
BMD Bone Mineral Density
BMDD Bone Mineral Density Distribution
BV/TV Bone Volume Density
Conn.D Connectivity Density
CT Computed Tomography
DA Degree of Anisotropy
DEXA Dual Energy X-ray Absorptiometry
FEA Finite Element Analysis




MRI Magnetic Resonance Imaging
PLD Principal Loading Direction
PMMA Polymethyl Methacrylate
pQCT peripheral Quantitative Computed Tomography
qBEI quantitative Backscattered Electron Imaging
ROI Region Of Interest
SE Secondary Electron
SEM Scanning Electron Microcope





WHO World Health Organization





Osteoporosis is one of the most serious health problems facing our society. The elderly
population (aged over 65 years-old) is particularly susceptible to this common disease.
Osteoporosis is asymptomatic and it can progress without the patient being aware of it
until they break a bone after a small bump or fall (Marcus et al., 2013). Currently, over
1.2 million Australians are affected by osteoporosis and a further 6.3 million people have
osteopenia, which refers to early signs of bone loss that can develop into osteoporosis
(Watts et al., 2013). In 2012, the total cost of osteoporosis and osteopenia in Australia
was $ 2.75 billion. It is predicted that the total cost will be 33.6 billion Australian
dollars over the next decade (Watts et al., 2013). The cost includes ambulance service,
hospitalization, aged care, rehabilitation and so on.
The major characteristics of osteoporosis are low bone mass and microarchitectural de-
terioration of bone that leads to an increase in the risk of fractures in bones (Chappard
et al., 2011). A low bone mass can be diagnosed by a bone mineral density (BMD)
test. Currently, dual energy x-ray absorptiometry (DEXA) is the most established
standard technique to measure BMD. It is widely believed that BMD measurement
is effective to predict the risk of osteoporosis-related fractures (Chappard et al., 2011;
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Watts et al., 2013). However, there is increasing evidence that BMD measurement
alone is insufficiently sensitive to detect other pathological changes in the bone that
are also induced by osteoporosis (Seeman, 2008).
A number of studies indicate that BMD only predicts approximately 60% of fracture
risk (Roschger et al., 1998; McDonnell et al., 2007; Seeman, 2008; D’Elia et al., 2009).
It has the limitation of measuring the projected areal bone mineral density regardless
the three-dimensional bone geometry and microarchitecture. Hence, it is possible that
individuals with and without fracture have similar BMD values (McDonnell et al.,
2007). In general, women have a higher risk of developing osteoporosis than men
(Watts et al., 2013) as women have smaller bone size and suffer from a rapid decline of
estrogen levels during and post menopause (Kanis, 1994). Age-related bone loss occurs
in both men and women after peak bone mass is reached (age of 25 to 30) (Marcus
et al., 2013).
The most common sites affected by osteoporosis are the hip, spine and wrist, where
bones have relatively high percentage of trabecular bone. Among the fractures caused
by osteoporosis, hip fractures are a significant cause of morbidity and mortality world-
wide (Bhandari et al., 2009; Watts et al., 2013). A hip fracture is a break that occurs in
the proximal femur and normally initiated in the trabecular region (Zuckerman, 1996;
AIHW, 2010). In the proximal femur, trabeculae, a support and connective tissue ele-
ment, are either rod-like or plate-like, whose shape and orientation are governed by the
local mechanical loading. The arched trabecular patterns follow the principal stress
trajectories and form non-orthogonal intersections (Thompson, 1992). In osteoporotic
patients, radiographic studies have shown a change in the trabecular pattern of the
proximal femur (Singh et al., 1970; Ciarelli et al., 2000).
In the development of osteoporosis, transverse trabeculae reduce in number and finally
disconnect while the longitudinal trabeculae remain unaffected (Fig. 1.1). As a result,
the osteoporotic bone has proportionately more trabeculae aligned along the primary
loading axis and thus proportionately fewer transverse trabeculae. Because bone is
hierarchically structured at different scales, the altered osteoporotic three-dimensional
structure is therefore expected to affect overall mechanical behaviour of the trabecular
continuum (Ferguson & Olesiak, 2010; D’Elia et al., 2009; Morgan et al., 2013a).
1.1 Motivation 3
Figure 1.1: Scheme of changes in the trabecular pattern of a proximal femur (Singh et al.,
1970). In a healthy bone (grade 6), longitudinal (A) and transverse (B) trabeculae are both
prominent in the proximal femur. During the development of osteoporosis, the transverse
trabeculae is discontinuous and some are completed absorbed, eventually losing connectivity
(grade 5 to grade 3). As a result, the only prominent trabecular group is longitudinal tra-
beculae. In a severe osteoporosis case (grade 1), the longitudinal trabeculae are markedly
reduced in number.
Bone tissue is a composite material composed of 70% organic components, 20% in-
organic mineral apatite and 10% water (Jee, 2001). Bone is also a living tissue that
changes its internal structure and shape to adapt to new mechanical environments by
bone remodelling (Seeman, 2008). A remodelling process starts with the osteoblasts re-
sorbing bone tissue and generating a cavity. This cavity is then filled by the osteoblasts
with an organic matrix that is later mineralized to form the mature bone (Jee, 2001).
The cellular network in the bone tissue enables the transmission of mechanical stimuli
into cell signals which control the gain and loss of bone (Klein-Nulend et al., 2005).
In the healthy bone, bone resorption and bone formation are in balance. If the bone
remodelling process becomes unbalanced, the adaptation to mechanical loading will
be insufficient and the tissue mineralization will be altered. As a consequence, bone
becomes more vulnerable due to a weaker structure and reduced strength, resulting in
osteoporosis. Therefore, knowledge of material composition and mechanical properties
of the trabeculae are crucial to the understanding of fragile fracture.
The changes in microstructure of bone caused by osteoporosis or age affect the mechan-
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ical behaviour of bone. Although BMD measurement can be diagnose osteoporosis or
predict the fracture risk, it is clear that other factors, such as material properties, bone
mineralization and bone remodelling, need to be considered. To date, it is not yet clear
how osteoporosis affect the mechanical behavior of bone material and its compositions.
Therefore, the goal of this work was to investigate the local mechanical properties of
trabecular bone and its interaction with bone mineralization. Whilst few studies have
been conducted to investigate the mechanical properties of trabecular bone from the
vertebral body, investigations done on femoral head trabeculae are still lacking. This
work was also interested in how the mechanical behaviour of trabeculae were affected by
the orientation and the loading direction. Hence, a clear understanding of the material
and mechanical properties of bone at the tissue level is thus imperative for improving
fracture risk prediction, and required for providing appropriate treatment based on the




2.1 Function and adaptation of bone
Bone is a remarkable organ and serves many vital functions in the body, including:
1) supporting the general shape of the human body,
2) protecting the internal organs from injury (e.g. the skull protects the brain),
3) allowing movement by muscles that are attached to the bone via ligaments and
tendons and
4) providing a reservoir for minerals and phosphors that are essential for various cellular
activities throughout the body (Martin & Sharkey, 2001; Mellon & Tanner, 2012).
Bone is also a dynamic tissue that continuously adapts its mechanical needs (Thomp-
son, 1992). It forms where it is required to maintain its mechanical integrity and is
removed at damaged sites where the load is no longer being transferred through the
bone, or at the sites of fracture. In 1638, Galileo Galilei suggested that the shape of
the bone was related to mechanical loading (Bonewald, 2013). Later in 1892, Julius
Wolff and Wilhelm Roux stated in more detail that: in order to gain an optimized
light weight structure (with regard to size and shape), bone has the ability to respond
to strain and accommodate (Willie et al., 2013). This concept has been well-accepted
and referred to as Wolff’s law today.
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2.2 Bone remodelling
The functional adaptation of bone is through a process called bone remodelling. Bone
remodelling enables removal and replacement of bones at damaged or injured sites.
This process allows bones to maintain their structure-function relationship. It serves
two functions: one is to maintain the integrity of the skeleton as a structural support,
and the other plays a metabolic role in mineral homeostasis for the body (Mellon &
Tanner, 2012). There are six phases in the bone remodelling process as illustrated in
Fig. 2.1.
Figure 2.1: The schematic outline of the bone remodelling cycle (Persy & D’Haese, 2009).
Prior to activation, the bone surface is covered with bone lining cells. Bone cells, known
as osteocytes, sense remodelling signals, which are created by 1) a stimulus induced by
the mechanical force that results in structural damage or 2) a hormonal response to a
change in calcium and phosphorus supplies (Raisz, 1999; Klein-Nulend et al., 2005).
In the activation phase, osteocytes translate this information into biochemical signals
that lead to changes in cellular activities. In the next phase, the osteoclasts are re-
cruited to the surface of the degradation. They create an acidic environment that
dissolves the mineral in the bone tissue matrix, resulting in the formation of cavities
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within the bone. Sequentially, osteoclasts release enzymes which remove the remain-
ing demineralized collagen matrix to complete the process of resorption. Following
resorption, osteoblasts move to the cavities (in reversal phase) and start to produce
and deposit an organic matrix, called osteoid (see in formation phase). Osteoid is a
substance made predominately of collagen. After osteoid tissue is built up, minerals
start to crystallize around the collagen scaffold to form hydroxyapatite (HA), which
is the major inorganic constituent of bone. A cement line can be found where bone
resorption ends and formation begins. In the formation, some osteoblasts are trapped
within the matrix (called lacuna) and form osteocytes (see Fig. 2.2). In the last phase,
osteoids become mineralized and thus form new bone.
(a) (b)
Figure 2.2: (a) SEM image shows osteocytes are connected with their neighbours via canaliculi
(Manolagas & Parfitt, 2010). The osteocytecanalicular network works as the transmission for
the fluid flow induced by the mechanical load. (b) The light microscopic image of dehydrated
and embedded bone tissue showing the presence of lacunae (red arrows).
2.3 Bone composition and structure
2.3.1 Composition of bone
As described in subsection 2.2, bone tissue is continually being broken and rebuilt. To
form the new bone, osteoblasts secrete in the organic matrix, which forms a scaffold.
Minerals start to crystallize around the collagen based scaffold. Thus, bone is consti-
tuted predominantly of organic (20 to 40%) and inorganic (50 to 70%) components.
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The remaining 5 to 10% is water. The primary inorganic component of bone (99%)
is hydroxyapatite (HA, Ca10PO4OH2) which is formed when calcium combines with
phosphate (Boskey, 2001; Kini & Nandeesh, 2012). The mineral crystals are responsi-
ble for hardness,rigidity and compressive strength (Kini & Nandeesh, 2012). On the
other hand, the organic component includes collagen fibrils (90%) and a small amount
of noncollagenous proteins (Kini & Nandeesh, 2012). It confers elastic and flexible
properties to the bone matrix, and strength in tension as well as the ability to absorb
energy (Viguet-Carrin et al., 2006; Chappard et al., 2011; Kini & Nandeesh, 2012).
2.3.2 Hierarchical structure of bone
The human adult skeleton is composed of 206 bones. Although they come in a variety
of shapes and sizes depending on the function, the internal structural of bones are
relatively consistent. It is known that the structure of bone is hierarchically organized
at many length scales. This means bone at each length scale responds to the mechanical
loading in different ways, with the lower levels contributing to its overall mechanical
behaviour. Generally, there are five levels of hierarchy in bone as summarized in
Table 2.1.
Table 2.1: Five levels of hierarchy in bone adapted from (An, 2000; Jee, 2001).
Level Elements Dimensions
Macrostructure Whole bone (e.g. femur) ≈ 3 to 750 mm
Architecture cortical bone (CB) or tra-
becular bone (TB)
100 to 300 µm (CB); 75 to 200
µm (TB)
Microstructure (tissue level) osteons, trabeculae ≈ 10 to 500 µm
Submicrostructure (lamellar level) lamella, large collagen
fibers
≈ 1 to 10 µm
Ultrastructure (nanostructure) collagen fibril and molecu-
lar, mineral components
from a few hundred nanometers
to ≈ 1 µm
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This list of five levels can also be shortened to four levels of hierarchy. The four levels
are summarised in Table 2.2.
Table 2.2: Four levels of hierarchy in bone adapted from (Mller, 2009).
Level Elements Dimensions
Organ or structural whole one, cortical bone, trabec-
ular bone
> 1000 µm
Tissue osteon, interstitial lamellae, tra-
beculae, trabecular packets
10 µm to 1 mm
Cellular lamellae, cement lines 0.1 to 10 µm
Molecular collagen fibril and molecular,
mineral components
< 0.1 µm
Organ level (Macrostructure or architecture)
The uppermost level of bone is represented by the whole bone, which can develop
different shapes and sizes depending on the mechanical function within the body. For
example, the femur (see Fig. 2.3) is the longest bone in a human body. The function
of a femur is to transmit the entire weight of the upper body to the legs to allow any
direction of the movement in the lower extremity. The average length of adult femur
is about 420 mm (Byers, 2008). The head of a human femur forms the ball-and-socket
hip joint with the cup-shaped acetabulum of the coxal (hip) bone. This spherical shape
of the femoral head enables it to move in almost any direction at the hip (Willie et al.,
2013).
Figure 2.3: Anterior view of the femur.
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Bone can then be divided into cortical and trabecular bone. Dense cortical bone is
located in the outer layer of bone, whereas the trabecular bone predominates most of
the inner layer. Although cortical and trabecular bones are easy to be distinguished
by their density and porosity, histological evaluation of the tissue microstructure is the
most effective way to differentiate these two (Jee, 2001; Ferguson & Olesiak, 2010).
Compared with cortical bone, trabecular bone is much more active metabolically. This
indicates that trabecular bone is remodelled more frequently (Jee, 2001).
Femoral head is generally covered by a relatively thin layer of cortical bone and is
mostly composed of trabecular bone (see Fig. 2.4). A thick layer of cortical bone is
evenly distributed around the neck of the femur, and forms a dense cylinder down
to the femoral shaft. The trabecular bone is no longer visible in the femoral shaft.
The small pore space within trabecular bone fills with bone marrow, which is a tissue
composed of bone vessels, nerves and various types of cells (Ferguson & Olesiak, 2010).
Trabecular bone is found principally in the axial skeleton and in the metaphyses and
epiphyses of long bones.
(a) (b)
Figure 2.4: Images of the femur (Jee, 2001). (a) Photograph of a femur cut in a frontal plane.
(b) Radiography of same bone section.
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Tissue level (Microstructure)
In the tissue level, cortical bone is composed of osteons (often called the Haversian
system) and interstitial lamellae (Fig. 2.5). The average dimension of an osteon ranges
from 150 to 300 µm in diameter and up to 3 to 5 mm in length (Jee, 2001; Mellon &
Tanner, 2012). Osteons are embedded in a matrix of lamellar bone known as interstitial
lamellae. The central cavity inside an osteon is known as the Harversian canal (HC).
A HC is typically 40 to 50 µm in diameter and runs along the long axis of a bone
(An, 2000; Mellon & Tanner, 2012). Normally, the HC contains more blood vessels
and nerves.
Figure 2.5: Optical microscopy image shows osteons (marked by the blue lines) with lacu-
nae and Harversian canals (HC) from the dehydrated and PMMA-embedded bone. Note
interstitial lamellae sit in between osteons.
Trabecular bone consists of a 3D network of rod-shaped and plate-shaped structures
called trabeculae. These trabeculae can either be organized into orthogonal arrays, or
in a randomly arrangement. Trabeculae range in thickness from 50 to 300 µm (see
in Fig. 2.6a). Generally, no osteons can be found in trabeculae. However, the thicker
trabeculae can contain secondary osteons, sometimes referred to as hemi-osteons (Mor-
gan et al., 2013b). This is due to the insufficient nutrient transport via the lacunar-
canalicular network (Morgan et al., 2013b). The general spaces between trabeculae
range from 100 to 500 µm. Trabeculae consist of trabecular packets, which are the prod-
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uct of bone remodelling. These packets are delineated by cement lines (see Fig. 2.6b).
A typical trabecular packet is about 50 µm thick (Jee, 2001). These trabecular packets
are the main basic structural unit for trabecular bone (Jee, 2001).
(a)
(b)
Figure 2.6: (a) Scanning electron microscopy (SEM) image of trabeculae (Liebschner &
Wettergreen, 2003). (b) Stained vertebral trabeculae showing five packets were separately
by the cement lines. Note that lacunae are seen between bone packets. Image was adapted
from (Gmez Salvador, 2005).
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Cellular level (submicrostructure or lamellar level)
Below the tissue level is the cellular level. Two types of bones can be found, woven bone
and lamellar bone. Woven bone can often be found in very young growing animals,
in children under the age of 5 or at injury sites after a fracture (An, 2000; Jee, 2001).
The woven bone is converted into lamellar bone as the bone tissue matures. Thus,
the woven bone often refers to the randomly oriented positioning of the collagen fibrils
in the new bone matrix. In contrary, the lamellar bone refers to the bone collagen in
which fibrils are well-organized and less randomly arranged.
Lamellar bone is built of unit layers, called lamellae, which are similar to the organiza-
tion of plywood (Bonucci, 2000). This arrangement gives lamellar bone greater stiffness
when compared to woven bone (Bonucci, 2000). Each lamella is approximately 3 to 7
µm (An, 2000). In the osteon, the lamellae are arranged as concentric rings into HC.
While in trabecular packets, lamellae are stacked in parallel layers away from the centre
of the trabeculae toward the bone surface (Morgan et al., 2013b) (see in Fig. 2.7).
Figure 2.7: Trabeculae exhibits the organized stacked lamellar appearance. Note lacunae are
also shown between lamellae. Image was adapted from (Cooper et al., 1966).
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Cement lines are found where bone resorption ends and bone formation begins. They
are the boundaries between osteons and surrounding interstitial lamellae as well as
between trabecular packets (white lines in Fig. 2.8). They are approximately 1 to 5
µm in thickness.
Figure 2.8: Backscattered electron image of single trabecula with various mineralized bone
packets (shown in number) (Fratzl et al., 2004). Highly mineralized cement lines showing in
white lines that separate trabecular packet.
Molecular level (ultrastructure or nanostructure)
At the fundamental level, bone is built with collagen fibers and collagen fibrils, which
are composed of collagen protein molecules and a plate-like mineral phase (see Fig. 2.9).
Individual collagen molecules are assembled by triple helix chains (Mellon & Tanner,
2012). The rod-like collagen molecule is generally about 300 nm in length and about
1.5 nm in diameter (Mescher, 2013). Plate-shaped mineral crystals are impregnated
within the gaps of collagen molecules and form mineralized collagen fibrils. These
mineral crystals are aligned roughly with their C-axis, parallel to the long axial of
the collagen fibrils (Mellon & Tanner, 2012). It is believed that the mineral crystals
grow initially between the ends of individual collagen molecules and then between the
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molecules (Bonucci, 2000; Mellon & Tanner, 2012). In addition to hydroxyapatite
crystals, water is bound to collagen in holes and pore zones between collagen molecules
and mineral plates (Burr & Akkus, 2013). Each collagen fibril displays a characteristic
67 nm periodic pattern, called a D-bedding pattern (Burr & Akkus, 2013).
Figure 2.9: Schematic diagram of the lamellar bone constructing from mineralized collagen
fibrils. 1: Bone is assemble from two major nanophases: rod-like triple helix collagen molecue
and the plate-shaped hydroxyapatite nanocrystals (HA). 2: Collagen molecules are reinforced
with HA crystals. The HAs are preferentially oriented with their C-axis parallel to the
collagen fibrils, and arranged in a periodic, staggered array along the fibrils (Fratzl et al.,
2004). 3: Each collagen fibril has an approximately 67 nm overlapping zone. 4: Mineralized
collagen fibrils assemble further and are staggered together in larger collagen fibers. 5: The
collagen fibers form into larger aggregated bundles.
The D-bedding pattern of collagen fibrils can be viewed by atomic force microscopy
(AFM), shown in Fig. 2.10a. Many mineralized collagen fibrils form arrays called
collagen fibers, which assemble into array called lamellae. Recently, SEM images have
revealed the existence of a non-fibrillar organic matrix. This non-fibrillar organic matrix
acts like an adhesive (see Fig. 2.10b), holding the mineralized collagen fibrils together
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Figure 2.10: AFM image of (a) the collagen fibrils showing the 67 nm D-bending pattern
(Fantner et al., 2006), and (b) non-fibrillar organic matrix acts as ”glue” (indicating in white




Osteoporosis is a major public health problem in our society, especially in the elderly
population. It is a silent disease; patients often do not realize they are suffered from
this disease until some minimal trauma, such as a small fall or impact, results in
bone fractures (Watts et al., 2013). It has been estimated that osteoporosis will have a
tremendous financial impact worldwide in the coming decade. In the United States, 1.5
million osteoporotic fractures led to more than half a million people being hospitalized
in 2003 (Riggs, 2004). In Europe, disability due to osteoporosis is greater than that
caused by cancers and it is the second leading cause of death, just after lung cancer
(Foundation, 2005). The medical cost of treating osteoporotic fractures is very high.
It is estimated that the direct and indirect health costs (i.e. hospital treatment, carer
costs etc.) of osteoporosis in Australia was 2.754 billion in 2012 (Watts et al., 2013).
With an ageing population, the number is projected to increase to $33.6 billion by 2022
(Watts et al., 2013).
The World Health Organization (WHO) has officially defined osteoporosis as a disease
characterized by low bone mass and microarchitectural deterioration of bone tissue (see
Fig. 2.11), leading to enhanced bone fragility and a consequent increase in susceptibility
to fracture (Bonewald, 2013). It is generally initiated from trabecular bone and occur
more frequently in the trabecular bone-rich sites, such as the proximal femur, the
vertebral body of the spine and the distal radius (Inoue & Chao, 2002). Great effort
has been made to investigate the osteoporotic changes of trabecular bone. Among
the common fractures associated with osteoporosis, hip fractures are by far the most
devastating type (Riggs, 2004).
Today, there have been a number of diagnostic and treatment methods for osteoporosis,
but the majority of individuals not suffer from osteoporosis or osteoporotic fractures
are still left without diagnosis and treatment (Riggs, 2004). Predicting the risks of
osteoporotic fracture relies on the BMD measurement using anatomical imaging tech-
niques such as dual-energy x-ray absorptiometry (DEXA), histomorphometry, periph-
eral quantitative computed tomography (pQCT) or magnetic resonance imaging (MRI)
(Chappard et al., 2011; Morgan et al., 2013b). Among these techniques, measurement
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(a) (b)
Figure 2.11: Trabecular architecture of (a) normal and (b) osteoporotic bone (Foundation,
2005).
of BMD by DEXA is the most common clinical practice for diagnosis of osteoporosis
related fractures. BMD is the amount of mineral in a specified site divided by the
area. When the BMD is below a certain threshold (i.e. T-score < 2.5), a patient will
be diagnosed of having a high risk of fracture and then will be treated for osteoporosis
(Bonewald, 2013). However, there is growing evidence that BMD as a predictor of risk
of osteoporosis is rather inaccurate (Le Corroller et al., 2013).
Studies suggest that up to 50% of fractures occur among individuals who do not meet
the diagnostic criteria for osteoporosis (Wainwright et al., 2005; Tanck et al., 2009;
Le Corroller et al., 2013; Bonewald, 2013). Clearly, there are other factors determining
bone strength and its susceptibility to fracture. Therefore, assessing bone fragility
requires a comprehensive understanding of the underlying structural and functional
alterations caused by osteoporosis, as well as their spatial organization and how they
relate to bone strength. There is also a need to assess bone quality and not just bone
quantity.
2.5 Why assess bone quality ?
The term ”bone quality” has been referred to all those parameters contribute to fracture
resistance and bone strength beyond BMD. These parameters are bone’s structural and
material properties as well as bone remodelling.
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Bone structural peoperties includes its macroscopic geometry (size and shape)
and microscopic architecture (trabecular architecture and cortical porosity) (Donnelly,
2011; Lloyd et al., 2015). On the other hand, bone material properties includes
the mechanical properties of the constituent tissue arising from the compositions and
arrangement of the microstructural constituents, quality of the collagen matrix mate-
rial as well as the presence of microdamage (Seeman, 2008; Donnelly, 2011). Some of
the parameters (i.e. mineralization at tissue level, mechanical properties of bone tissue
) are completely independent of BMD (Tanck et al., 2009; Sun et al., 2009; Fratzl-
Zelman et al., 2009; Lloyd et al., 2015), and some (i.e. microscopic architecture and
bone remodelling ) have been suggested as predictors of bone fragility (D’Elia et al.,
2009). Hence, a fundamental study of bone quality is of great clinical, societal and
economic importance.
As mentioned in section 2.3.2, bone is a hierarchically structured material. Thus, any
change in one of these levels may alter bone quality. A growing number of techniques
have been utilized in the laboratory to assess bone quality. Bone structural properties
can be evaluated in 2D on histological sections and 3D in µCT. Bone material properties
can be estimated by scanning electron microscopy (SEM) and microradiography in the
backscattered electron mode; mechanical information of trabeculae can be provided by
nanoindentaiton; organic and mineral phases of the bone matrix can be explored by
Raman and Fourier-transform infra-red spectroscopy; arrangement of collagen can be
explored by polarized light microscopy or surface staining (An, 2000; Seeman, 2008;
D’Elia et al., 2009; Chappard et al., 2011).
2.6 Architecture of trabecular bone tissue
The morphology of trabeculae can vary tremendously with anatomic sites. For instance,
trabeculae from vertebral body tends to be predominately rod-like, while those from the
proximal femur contain a more balanced mixture of rod and plate structures (Morgan
et al., 2013b). All trabeculae in the vertebral body run either vertically or horizontally
(see Fig. 2.12). The orientation of the vertical trabeculae (VT) is also the orientation of
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the main principal stress under axial compression for all locations within the vertebral
body (Villarrage & Ford, 2001).
Figure 2.12: (a) Radiography of a sagittal section of vertebral body. (b) Enlarged area of
vertebral trabecular bone showing a lattice of the vertical trabeculae (VT) and the horizontal
trabeculae (HT) (MeCormick, 2015).
Unlike the trabecular pattern in the vertebral body, trabeculae in the proximal femur
do not grow in orthogonal (90◦C) intersections (see in Fig. 2.13). Instead, trabeculae
in the proximal femur are arranged in an arch-like construction of lines.
(a) (b)
Figure 2.13: (a) Radiography of a coronal section of proximal femur showing the arrangement
of the trabecular bone (Boardman & Lieberman, 2006). (b) A schematic drawing of trabecular
pattern of proximal femur refers to five trabecular groups that are clear apparent within the
femoral head and neck (Boardman & Lieberman, 2006).
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The growth of trabeculae follows the change in external loading of bones that occurs
during life. This change can be seen in Fig. 2.14. In an 8 month fetus, the architecture
of the trabecular bone is arrange in straight line parallel to the sagittal plane of the
femoral femora. At the age of one year, the trabeculae start to change its morphology,
resulting in the forming of an ”arch-like” pattern. This is related to the beginning of
walking that introduces body weight on the femur (Bankoff, ; Morgan et al., 2013a).
The femoral head, subjected to body weight tends to bend the femoral neck which leads
to tension in the superior and compression in the inferior aspect of the femoral neck
(Townsley, 1948; Skedros & Baucom, 2007). The arch-like pattern is then gradually
extended across the head of the femur and the appearance of the pattern is more defined
while bone is undertaking loading at the age of 2.5 years. As the individual grows and
reaches adulthood, the trabecular pattern is clearly established.
Figure 2.14: Schematic drawing of coronal section of human femora showing the growth of
trabecular bone in different time frame. Image adapted from (Townsley, 1948).
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Trabecular bone of the proximal femur is arranged in ”arch-like” lines: within the lines,
individual trabecula is formed accordingly in the directions that follow both compres-
sive and tensile stress originate externally and internally from the hip joint (Singh et al.,
1970; Thompson, 1992; Skedros & Baucom, 2007; Mellon & Tanner, 2012). In the ideal
trabecular arrangement, five distinct trabeculae groups in the proximal femur were
identified by Singh and his colleagues in 1970 (Singh et al., 1970), as shown in Fig. 2.13.
The principal compressive group usually carries load from the hip joint, through
the femoral head towards the medial cortex (close to the centreline of the human body)
(Singh et al., 1970; Skedros & Baucom, 2007). This trabecular group is the thickest and
closely packed trabeculae (Singh et al., 1970). The principal tensile group arches
upward and inward across the femoral neck, to end in the inferior part of the femoral
head. This trabecular group conforms to the principal tensile forces on the proximal
femur and is the thickest amongst the tensile groups (Skedros & Baucom, 2007). The
secondary compressive group appears below the principal compressive group and
this group is thin and widely spread. The secondary tensile group extends in a dif-
fuse manner from the lateral cortex across the medial shaft of the femur (Singh et al.,
1970; Skedros & Baucom, 2007).
The concept of growth-related changes in bone morphology as a reflection of the bone
mechanical loading history began with the nineteenth century engineer, Cullman, and
is based on the anatomical drawings by anatomist von Meyer (Jacobs, 2000; Skedros
& Baucom, 2007). The proximal femur adapts its internal architecture to the external
loads to which it is exposed. That is, trabeculae tend to orientate along the directions
of the principal stresses. In the traditional concept of femoral loading mechanics, the
load which is repeatedly applied to the proximal femur is mainly from body weight, re-
gardless muscular, ligamentous and cartilaginous forces (Jacobs, 2000; Rudman et al.,
2006; Skedros & Baucom, 2007). However, recent studies in 2 dimensional finite ele-
ment analysis (FEA) have indicated that forces (i.e. muscles apply forces that pull the
femoral head into the acetabulum) occur in the proximal femur and need to be consid-
ered. Previous studies also demonstrated that compression is the predominate stress
applied to the proximal femur when the hip muscles, ligament and joint capsular forces
are considered (Bankoff, ; Skedros & Baucom, 2007; Morgan et al., 2013b; Rudman
et al., 2006). The arch-like structure, the principal compressive trabecular group
and the principal tensile trabecular group, therefore, correspond to the compres-
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sion stress, transmitting forces from the proximal femur into the femoral shaft (Rudman
et al., 2006; Skedros & Baucom, 2007).
2.6.1 Changes in trabecular pattern
Femur trabeculae are metabolically active and are therefore the most susceptible to
bone loss due to osteoporosis (Jacobs, 2000; Udhayakumar et al., 2013). Radiographical
investigations have revealed the changes of the trabecular pattern (due to osteoporosis
or age) that occur in an orderly fashion. The pattern corresponds to the stress and
weight bearing and an increasing degree of osteoporosis (Singh et al., 1970). Standard
radiographies have been utilized to quantify the trabecular pattern in the proximal
femur (Singh et al., 1970; Walker & Lovejoy, 1985; Zuckerman, 1996). In general, the
fine trabeculae are resorbed and become inconspicuous first; the principal tensile group
then disappears, faster than the principal compressive group. Similarly the horizontal
trabeculae tend to be resorbed prior to the vertical trabeculae being resorbed (Singh
et al., 1970; Walker & Lovejoy, 1985; Mielke et al., 2005).
Fig. 2.15 shows the general progression of trabecular bone loss due to the development
of osteoporosis. In a normal and healthy bone (see Fig. 2.15a), the femur is completely
filled with five trabecular groups. Extremely dense trabeculae can be observed in a
radiographic image. In Fig. 2.15b, the proximal femur is in its early stage of bone
loss with the commencement of losing both secondary trabecular groups and greater
trochanter groups. However, both principal compressive and tensile trabecular groups
are still prominent. There is a continued loss of secondary trabecular groups with the
area in the femoral neck and head turning translucent, as shown in Fig. 2.15c. A break
in the continuity of the principal tensile trabecular group is also observed. This image
shows the border line condition between osteoporotic and normal skeletons. Trabeculae
in the femoral head are less dense than previous phases. With still further bone loss
shown in Fig. 2.15d, the principal compressive trabecular group does not stand out in
the radiographical image. The proximal femur in this stage is defined as a moderately
advanced osteoporosis.
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(a) (b)
(c) (d)
Figure 2.15: Radiographic images showing the changes in trabecular pattern. (a) Five tra-
becular groups are completely fill in the proximal femur. (b) Both secondary compressive and
tensile trabecular groups as well as the greater trochanter group begin loss and become less
dense. (c) Secondary trabecular groups continuous loss. The principal tensile group begins
reduced and becomes less dense. (d) Secondary trabecular groups and the greater trochanter
group are absent. Only principal trabecular groups are still present in the proximal femur
but appearing less dense. Images adapted from (Walker & Lovejoy, 1985).
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2.6.2 Changes in trabecular microstructure
With the advances in microcomputed tomography, such as µCT, direct 3D measure-
ment of structural properties of trabecular bone can be achieved. CT experiments can
be used to obtain some important trabecular morphomeric parameters, including bone
volume density (BV/TV), trabecular thickness (Tb.Th), separation (Tb.Sp), number
(Tb.N) and connectivity density (Conn.D), structural model index (SMI) as well as
degree of anisotropy (DA) (Mller, 2009). The application of CT has mainly focused on
clinically-relevant skeletal sites (ex vivo), such as proximal femur (Ciarelli et al., 2000;
Stauber & Mller, 2006; Tanck et al., 2009), vertebral trabecular bone (Homminga
et al., 2004; Stauber & Mller, 2006; Liu et al., 2008) and tibia (Ding & Hvid, 2000;
Gong et al., 2005); those skeletal sites are populated with greater volume of trabecular
bones and are susceptible to osteoporotic fracture. During imaging, a bone specimen is
placed in a plastic/polystyrene foam tube which is then mounted vertically in a stand
that rotates between the X-ray source and a CCD camera. A series of projected images
is obtained with a rotation angle between each image. 3D reconstruction of the bone
sample is obtained from the stack of 2D sections after thresholding, as illustrated in
Fig. 2.16. Currently, this technique is able to resolve features as small as 5 µm (Mller,
2009).
Figure 2.16: MicroCT images of trabecular microstructure taken from lumbar spine. Image
adapted from (Van Lenthe & Muller, 2008).
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Through µCT studies, it was found that age-related changes in the trabecular mi-
croarchitecture are different between sexes. The difference is mainly caused by the
sudden drop in estrogen level in females during menopause. However, an decrease in
the estrogen level is more gradually over time in males (Guggenbuhl, 2009). In general,
trabeculae in females tend to be either completely removed or transformed from plate-
like to rod-like struts after menopause. For males, bone loss is through the gradual
thinning of trabeculae (Ding & Hvid, 2000). The mechanics of age-related changes in
trabecular microarchitecture depends on the site.
Overall, changes of trabecular microarchitecture are seen more clearly in vertebrae than
in tibia and femoral heads; it is suspected that this is due to differences in the initial
structure type. For example, vertebrae contain substantially more rod-like structures,
whereas femoral head trabecular bone consists of a mixture of both rod-like and plate-
like structures. Based on an idea proposed by Ding et al. (2000), age-related trabecular
bone tissue loss occurs principally by the process of thinning of the rod-like trabeculae,
followed by perforation occurring in the plate-like trabeculae. Based on this idea, age-
related bone loss would be very evident in vertebrae in the early stage, while more
plate-like struts in femoral head get perforated, resulting in new, smaller, plate-like
struts and eventually becoming more akin to the rod-like structure Ding et al. (2000).
Previous studies in the tibia, vertebrae and femoral head regions reported that BV/TV
decreased significantly and Tb.Sp increased with age. Inconsistent findings about the
change of Tb.Th and Tb.N in vertebrae, femoral head and tibia with ageing were
reported. Ding et al. (2000) and Ding et al. (2002) reported that tibial Tb.Th
reduced with age (especially after 80 years) significantly, but changes of Tb.N was
insignificant. However, the significant decreased in Tb.N with age found in the femoral
head and vertebrae (Stauber & Mller, 2006). For the vertebral trabeculae, overall
Tb.Th remained unchanged, but a significant difference was found in younger aged
specimens (i.e. 62 years). Similar results were found in the femoral head, exhibiting a
slight decline of Tb.Th with increasing age. Further, trabecular bone decomposed into
individual elements (i.e. plate-like and rod-like struts), which has been suggested to
be a more realistic representation of the 3D structure of trabecular bone (Stauber &
Mller, 2006; Liu et al., 2008). The real measure of trabeculae, enables us to describe
how plate-like or rod-like trabecular microstructure are (i.e. SMI), whether they have
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their own preferential orientation (i.e. DA), and how well the intersection of these
structure is (i.e. Conn.D).
The DA found in tibia, vertebrae and human head increased significantly in elderly
populations. Investigations into vertebrae and tibia showed that aged trabeculae were
in greater alignment with the primary loading direction. Ding et al. (2002) suggested
that bone remodelling in the tibia may re-orientate trabeculae continuously to adapt
to mechanical loading during ageing instead of selectively removing trabecular struts
oriented in a particular direction. An increased DA phenomenon was also found in
osteoporotic or fractured bone. Spine and femoral head, patients suffering from bone
fracture have significantly more anisotropic structures (Ciarelli et al., 2000; Homminga
et al., 2004; Tanck et al., 2009; Montoya et al., 2014). The increased DA resulting
from fracture patients seem to preserve trabeculae which are parallel to the primary
loading axis, while bone tissue is lost in other orthogonal planes (i.e. those transverse
to the primary loading axis). This would compensate for effects of bone loss and
ensure adequate stiffness for normal loading on a daily basis (Homminga et al., 2004).
Compared with the control patients without fracture, lower BV/TV and Tb.Th, as
well as higher Tb.Sp and Conn.D were also found in the osteoporotic specimens from
the vertebrae and human femoral head (Ciarelli et al., 2000) or OA (osteoarthritis)
patients (Homminga et al., 2004; Montoya et al., 2014).
Because ageing and osteoporosis strongly affect the architecture of trabecular bone,
a great deal of work has focused on understanding how the deterioration of trabec-
ular architecture affects the mechanical properties at the tissue level. A number of
studies were concerned with the mechanical properties, at a macro or micro-level, of
individuals with and without osteoporotic fractures (Ciarelli et al., 2000; Homminga
et al., 2002; Van der Linden et al., 2004; McNamara et al., 2006). Early experi-
mental studies used a combination of µCT, FEA models and compression testing and
revealed controversial results as to whether the changes in trabecular microstructure
(associated with aging or osteoporosis) have different bone tissue material properties
compared with healthy bone. A significantly higher modulus and ultimate stress (from
uniaxial compression) was found in the healthy femoral heads than those where a hip
fracture had occurred (Ciarelli et al., 2000). Homminga et al. (2002) reported that
the architectural anisotropy was associated with the mechanical anisotropy in the hip
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or fractured femoral head, resulting in fragile bone tissue that was unlikely to with-
stand mechanical loads in directions other than the primary loading axis. A previous
study in ovariectomized rates found a similar result. Compared to normal bones, os-
teoporotic trabeculae exhibited higher elastic modulus, yield strain and ultimate stress
(from tensile test by microtesting equipment) (McNamara et al., 2006). Computational
simulations done by van der Linden et al. (2004) found that a decrease in bone tissue
stiffness resulted in an increase in bone mass and increased bone stiffness resulted in
lower bone mass and increased anisotropy.
Conversely, some studies reported an inverse association between architectural changes
in trabeculae and its mechanical properties. Previous research has found that the tissue
level material properties in both healthy and osteoporotic condition were the same (Guo
& Goldstein, 2000; Homminga et al., 2002; Van Rietbergen et al., 2003). For example,
Guo et al.(2000) reported that no significant change was found in the mechanical
properties of vertebral trabeculae with the variation of ovariectomized rates. This
was treated as an estrogen deficient model of osteoporosis. Homminga et al. (2002)
demonstrated that not only the tissue level mechanical properties, but the apparent
mechanical properties of the tissue from patients with hip fracture showed no significant
difference from people without fractures.
An interesting result was reported by Van Rietbergen et al. (2003) showing that
tissue strain in the osteoporotic human femoral head was much higher (70%) and less
uniformly distributed than those of non-fracture ones. However, bone tissue strain
level would be quite similar if the load acting on the osteoporotic femur was 59% of the
normal load. Van Rietbergen et al. (2003) work indicated that osteoporotic bone may
have adapted to lower level of loading, but not over-adapted. Homminga et al. (2004)
investigated human vertebrae and found that the strain distributions in osteoporotic
and healthy bones were similar in physiological loading condition. However, stress and
strain in osteoporotic bone was much higher than those in healthy bone when the error
loads (i.e. a fall to side or forward flexion) was loaded.
While the alteration of trabecular pattern, microstructure, spatial arrangement and
mechanical properties as well as bone composites due to ageing and osteoporosis have
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been observed, one of the most intriguing questions which remains unclear, is why
these distinct structures react differently to ageing or osteoporosis.
To date, there are conflicting views about the effect of osteoporosis and ageing on tra-
becular bone tissue properties. Accordingly, altered trabecular pattern, microstructure
and compositions are common features of aged bone or osteoporotic fractured bone.
It has been speculated that stiffer bone tissue with higher mineral content is an in-
herent part of osteoporotic bone (McNamara et al., 2006). The remaining trabeculae
would still persist in the primary loading direction (i.e. compressive trabecular group
in femoral head, vertical trabeculae in vertebrae) to maximize the force, resulting in
greater mechanical properties and mineral content in order to counteract loss of struc-
tural strength due to loss of neighboring trabeculae (Ciarelli et al., 2003; McNamara
et al., 2006). However, other research did not support these findings. Clearly, the
contribution of architecture and material properties of trabecular bone at the tissue
level, to the risk or incidence of osteoporosis-related fracture or age related bone loss,
is still poorly understood. Further research therefore is required to investigate whether
or not changes in trabecular bone tissue properties occur due to aging or osteoporosis
and, if so, what effect these changes have on bone quality. In the following two sec-
tions, nanoindentation and qBEI on trabecular bone tissue will be reviewed. These
two techniques were chosen to measure the mechanical properties and mineralization
of individual trabeculae.
2.7 Nanoindentation of bone
The measurement of the mechanical properties of trabecular bone tissue was carried out
using nanoindentation. The test involves pushing a small diamond indenter (radius in
nano scale) with a relative small load (ranging from 2 µN up to 10 N) into a sample and
quantifying the residual impression left on the sample surface. The size of impression
(or the projected contact area) is therefore calculated using the contact depth (hc). The
mechanical properties, such as hardness (H) and elastic modulus (E), can be measured
as a function of hc. For this reason, nanoindentation is also called depth-sensing
indentation. This section will present a description about the theory and calibration of
nanoindentation as well as a literature review on bone studies with nanoindentation.
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2.7.1 Theory
During nanoindentation, the indenter is driven into a specimen’s surface. The material
beneath the indenter deforms both elastically and plastically. The indenter is then
unloaded and the elastic deformation is recovered as the indenter is withdrawn from
the surface. The applied load and the corresponding depth of the penetration by the
indenter into the specimen are continuously monitored as a function of time through the
whole process. A residual impression is left in the specimen’s surface. A typical load
versus displacement (P-h) curve resulting from a standard nanoindentation protocol is
illustrated in Fig. 2.17a.
(a) (b)
Figure 2.17: (a) Typical load versus displacement (P-h) curve for a typical nanoindentation.
(b) indenter and sample surface at indenter loading and unloading (Oliver & Pharr, 2004).
The most important values that can be measured from a P-h curve are: the maximum
load, Pmax, the maximum displacement, hmax, and the initial slope (or elastic unloading
stiffness) of the unloading curve, S = dP/dh (Oliver & Pharr, 2004). The accuracy
of the measured mechanical properties of the tested material depend strongly on the
how well these parameters can be measured experimentally. H and E are the most
common material properties that can be measured directly by nanoindentation. They
are determined by analysing the P-h curve using the Oliver & Pharr method, which is
based on the earlier research done by Doerner and Nix, 1986 (Fischer-Cripps, 2011a).
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H is defined as the resistance of a material to plastic deformation (Oliver & Pharr,





where A is the projected contact area at the maximum load. E is defined as the










where Er is the reduced modulus, E is the Young’s modulus of the tested material, ν
is the Poisson’s ratio of the tested material, Ei is the Young’s modulus of the indenter,





where β is a constant dependent on the geometry of the indenter. Equation 2.2 demon-
strates that the determination of the actual modulus of the tested material can be cal-
culated once Er has been determined. From equations 2.1 and 2.3, it is clear that the
contact area, A, and contact stiffness, S, need to be determined for each indentation in
order to facilitate the measurement of the H and E. S is deduced from the unloading
part of the P-h curve. The projected contact area, A, involves evaluating an empir-
ically derived indenter area function for the indenter used through the experimental


















where C0 = 24.5 for Bercovich tip. hc is the difference between the total depth and
the amount of sink-in, hs. These terms are explained schematically in Fig. 2.17b.
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The total displacement that occurs while achieving the onset of Pmax can be assumed
to result from the combined elastic and plastic deformation (Ferguson, 2009). The
final displacement (hf ), illustrated in Fig. 2.17, is the permanent depth of penetration
after the indenter is fully withdrawn. hf can be represented as the plastic deformation
(he) (Bhushan & Li, 2003; Ferguson, 2009). The elastic deformation (he) can be
defined as the difference between the maximum displacement and the final displacement
(Umax − Uf ) (Rodriguez-Floreza et al., 2013).
Based on the Oliver & Pharr method, the measure of Er is analysed the initial unloading
part of P-h curve. This is due to the assumption of the unloading is exhibiting purely
elastic behaviour. However, this assumption is violated on viscoelastic materials (i.e.
bone tissue) and therefore a different analysis must be applied. Bushby et al. (2004)
reported a ”bowing out” (or nose) of the unloading curve, shown in Fig. 2.18a.
(a)
(b)
Figure 2.18: Typical loading functions and the corresponding P-h curves for (a) without (b)
with holding time (Ebenstein & Pruitt, 2006).
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The phenomena is due to the tip is continuously penetrating deeper in the bone tissue
while the load is released gradually. As a result, an overestimated Er and H occur.
This time-dependent deformation (or creep) behaviour can be minimized by employing
a sufficiently long holding time at the maximal load (Ferguson & Olesiak, 2010) or
partial unloading (Ferguson, 2009). An example of a P-h curve with a define holding
time is illustrated in Fig. 2.18b. Creep can then be obtained by measuring the change
in depth of the indenter as a function of time.
Apart from the elastic modulus, hardness and creep, work of indentation (energy) can
be estimated by analysing the P-h curve. Fig. 2.19 illustrates P-h curves corresponds to
the total energy spent pressing an indenter into a material. In Fig. 2.19a, the area under
the unloading curve corresponds to the elastic energy (UE) recovered from the system
during unloading. The area between loading and unloading curve is the unrecoverable
energy (UP ) or the energy that is dissipated to induce plastic deformation or other
irreversible processes, such as cracking (Ammann et al., 2007; Ferguson & Olesiak,
2010).
For testing on a viscoelastic material, the area under holding time period includes in
the measurement of UP , see Fig. 2.19b. Total energy, UT = UP + UE, is the total area
under the P-h curve. It also represents the total energy required to press an indenter
into a material. Because all values correspond to a particular test with certain values
of depth and load, these values are routinely normalised (Ammann et al., 2007). The
ratio of UP to UT , ψ =
UP
UT
100%, is used to normalise the energy expenditure of each
test. This value is also denoted as the ”plasticity index” to characterize the plasticity
of the material (Ammann et al., 2007). ψ ranges from 0 for an ideally elastic material
to 1 for an ideally plastic material.
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(a)
(b)
Figure 2.19: The P-h curves (a) without (b) and with a holding time allow calculation of
energy (Oliver & Pharr, 2004). hr is the depth of the residual impression, ht is the maximum
penetration depth of the indenter at the maximum load, Pt.
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Tip selection
The choice of indenter is critical for obtaining accurate quantification of nanoindenta-
tion data. Up to date, the limitation in tip section lies in the limited understanding
of what occurs within the mineral and collagen within the bone tissue at the nano
scale during an indentation event. Tai et al. (2005) suggested that the plastic de-
formation under an indenter may result in compaction of the mineral plates and the
possible generation of microcracks within the bone tissue. The mechanics of how the
indenter contacts and indents a bone tissue is therefore very important and should
be considered when determining the experimental approach to testing the mechanical
characteristics of interest, such as elastic, plastic or viscous behaviour (Ferguson &
Olesiak, 2010). Fig. 2.20 shows the three different indenters that are commercially
available for nanoindentation experiments.
Figure 2.20: SEM images of the tip of (a) Berkovich, (b) spherical and (c) cube-corner
indenter used for nanoindentation. Image adapted from (Fischer-Cripps, 2011b).
The Berkovich tip has been commonly used for performing nanoindentation experi-
ments, particularly in mineralized bone tissue. The tip has a three-sided pyramid with
the tip radius ranges from 50-200 nm (Fischer-Cripps, 2011a; Ferguson & Olesiak,
2010). The Berkovich tip is characterized by an included angle of 142.3◦ and a half
angle of 65.35◦ (Fischer-Cripps, 2011b). The reason why the Berkovich tip is often
chosen to indent bone tissue over others (i.e. cube-corner or spherical tip) is that it
allows the measurement of plasticity at very small loads due to the stress concentra-
tion near the material’s surface (Ferguson & Olesiak, 2010). The maximum sharpness
of the Berkovich tip compared to other tips makes the Berkovich tip most suited for
localized nanoscale indentation experiments. Moreover, it maintains the self-similar
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geometry to very small scales. In contrast, the spherical indenter is very suitable for
studying both the elastic and viscoelastic properties of bone tissue (Fischer-Cripps,
2011b; Oyen et al., 2008). For the spherical indenter, the contact stress is initially
small and produces only elastic deformation and avoids damaging the samples being
tested (Oyen et al., 2008). However, the geometry of spherical tip is less uniform and
therefore requires tedious calibration (Ferguson & Olesiak, 2010). The cube-corner
tip, it is sharper than Berkovich tip and produces much higher stress and strain near
the indenter, resulting in cracking (Oyen et al., 2008). It has been used for studying
the fracture toughness of human tibial cortical bone (Ferguson & Olesiak, 2010). A
further reason for choosing Berkovich tip over spherical or cube-corner tip is due to
the difficulty in manufacturing high quality spheres from hard, rigid materials (Prorok
et al., 2004).
Error in nanoindentation : piling-up and sinking-in
As mentioned in section 2.8.1, the deformation of E and H depends on the area function.
The area function can be calculated from the P-h curve. In some cases, the calculation
of area function result in errors. Some errors are associated with the pile-up and sink-
in of a material around the indenter. Fig. 2.21 illustrates the pile-up and sink-in. As
the name implies, pile-up occurs when a material is piling up around the indenter and
results in an increase of the contact area between the indenter and the sample.
Pile-ups can often be observed in relatively soft material such as metals (Fischer-Cripps,
2011a). By contrast, sink-in results in less contact area between the indenter and the
sample. It can occur in stiffer materials (i.e. glass and ceramics) and is due to the
difficulty of deformation. The strain fields emanating from the penetrating indenter
spread into the material and effectively distribute the deformation to a larger volume of
the material (Prorok et al., 2004; Oliver & Pharr, 2004). Pile-up tends to overestimate
E and H because of the greater contact area resulted, whereas the sink-in tends to
underestimate the measured properties due to the smaller contact area than the ideal
one.
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Figure 2.21: Effect of pile-up or sink-in on the contact area for penetrations of a sample depth
ht. Image adapted from (Fischer-Cripps, 2011a).
2.7.2 Testing method and considerations
Testing parameters
The testing parameters applied in the nanoindentation experiments have a direct effect
on the measured results, since this technique has the ability to measure the mechan-
ical properties from the micro to nano scale. Bone is a time-dependent material in
terms of its mechanical behaviour. This means that the measured modulus will be
highly affected by time required for the tip to penetrate to maximum depth (indenta-
tion loading rate) and the time of the holding period at peak load (Fan et al., 2002;
Ferguson & Olesiak, 2010). A short-holding time at the maximum load could result
in an overestimated indentation modulus (Ferguson & Olesiak, 2010). Such a result is
due to the tip continuously penetrating deeper in the bone while the load is gradually
released. Hence, a ”bowing out” phenomena, as shown in Fig. 2.18a will be visible in
the unloading curve, which is used to calculate the elastic modulus (Ferguson & Ole-
siak, 2010). A wide range of hold period (5-1000 s) have been reported in literature.
The increased measured modulus in the short hold period indicates that an incorrect
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contact depth was used in the calculation of hardness and elastic modulus. Based on
the Oliver & Pharr method, the initial unloading curve is assumed to correspond to
linear elastic recovery. The creep behaviour occurs in short hold period will produce
the plastic deformation during the unloading curve (Fischer-Cripps, 2011b; Ferguson &
Olesiak, 2010). Few studies have used a short holding time at the peak load when the
experiments were conducted under the hydration condition (Fan et al., 2002; Wolfram
et al., 2010).
Sample preparation
Nanoindentation has been strongly dependent upon the sample preparation of bone
tissue samples and the manner in which the experiment is conducted. Ex vivo may
be the easiest way to test bone tissue in specific orientation and to couple with other
analytical methods (Ferguson & Olesiak, 2010). However, an in vivo examination will
give a true result in terms of the mechanical response. The decisions for experimental
approach and designs for nanoindentation of bone tissue will be dependent on the
desired results. Recently, the examination of bone tissue properties was conducted in
a liquid environment (Bushby et al., 2004), however, this test method is still under the
development.
There is still lack of research report in regard of the interaction between the tip and liq-
uid molecular (from the solution for hydrating samples during the test) during nanoin-
dentation tests. Bushby et al. (2004) mentioned that when a bone sample surface
was immersed in a solution, the tip would be pushed into the sample surface prior to
the start of the test. Dickinson M. (2015) reported that using saline as the solution
for hydrating the sample during the nanoindentation might cause mineral dissolution.
Hence, the use of any solution used during cutting and cleaning procedures used with
cautious (Ferreri & Qin, 2010; Ferguson & Olesiak, 2010). For macro scale mechanical
testing, solutions used for hydrating bone samples may have negligible effects on the
results. Bushby et al. (2004) reported that there was a 25-45% increased in fracture
toughness when cortical bone was stored in 70% ethanol for one week. However, the
mechanical properties were restored after rehydrating in a physiological saline solution
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for one week. Since nanoindentation is probing the mechanical properties at the micro
scale, a subtle change may have a significant influence on the results.
Many published reports have provided knowledge that the tissue dehydration increases
the bone modulus (Rho et al., 1997; Rho et al., 1999; Rho et al., 1999), but no further
investigation has been reported on this matter. Rho et al. (1999) and Hengsberger
et al. (2002) suggested that despite the fact that the dehydration of sample increases
the measured modulus of bone, however, it should not affect the relative differences
between microstructures. The purpose of dehydration step conducted in the bone sam-
ple preparation is because of (1) the water content of bone promotes the enzymatic
degradation of collagen and reduction in mechanical properties within several hours
(Inoue & Chao, 2002; Jenkin & Burg, 2003) and (2) the water content within bone
specimen is not miscible with the embedding materials (Cowin, 1999; Inoue & Chao,
2002; Grizzle et al., 2007). However, dehydration was considered to alter the mechani-
cal properties of bone tissue measured by nanoindentation. One possible reason is due
to the changes in the collagen resulted in an increased stiffness (Bushby et al., 2004).
Another dehydration method used in the sample preparation process is drying sample
at the room temperature or at 50◦C (Hoffler et al., 2005; Hengsberger et al., 2001;
Hengsberger et al., 2002). Interestingly, the effect of air-dried specimens with respect
of the the indentation modulus and hardness was found to be statistically significant
and to be greater than wet and embedded samples (Hoffler et al., 2005). The measured
properties of bone tissues by nanoindentation are also sensitive to the testing environ-
ment. One study reported that the nanoindentation modulus of dried cortical bone
tissue dropped by 20% over a 24 hours period. However, the modulus did not change
in a significant way over the following days (Hengsberger et al., 2001). It was then
concluded that the decrease in the measured hardness and modulus resulted from the
rehydration of the bone tissue under the ambient humidity condition of the laboratory
(Hengsberger et al., 2001).
Embedding bone tissue in Polymethyl methacrylate (PMMA) may also affect the bone
tissue because of infiltration and/or high-temperature curing during the embedding
processes (Bushby et al., 2004). Recently, nanoindentation has been performed on un-
embedded cortical bone, which was thought to be possible, but not in trabecular bone
(Bushby et al., 2004; Reisinger et al., 2011), because cortical bone is relatively denser,
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more uniform in microstructure, and has lower porosity than trabecular bone. The
embedding process of bone specimens is mainly for supporting the porous structure, like
trabecular bone. PMMA embedding has a direct effect on the mechanical properties
of bone tissue as is it may further constrict the movement of the collagen fbrils and
increase the connectivity within the materials (Bushby et al., 2004; Meng, 2010; Mittra
et al., 2006). Hence, it has been suggested that the resin effect could be minimized
by excluding all result from indents made on/near the boundary of bone and resin
(Rho et al., 1997; Rho et al., 1999; Fan & Rho, 2003). One study has suggested that
nanoindentation should be completed before the modulus of the specimen starts to
become artificially high (Mittra et al., 2006). This effect may be due to an increase
in stiffness of the embedding material over time. The author also indicated that the
choice of embedding materials has a direct affect on the hardness. For example, a low
viscosity and high modulus resin would penetrate deeper into the porosity of trabecular
lamellae prior to curing, and hence, it may contribute to an artificial increase in the
measured hardness.
2.7.3 Mechanical behaviour of bone
Bone has a hierarchical structure that requires an interpretation of the mechanical
behaviour at different length scales. Each hierarchical level of bone contributes to the
mechanical responses of the bone structure as a whole. Depending on the specimen
size and the type of mechanical testing, a large cortical bone has modulus values in
the range of 14-20 GPa in tension and 14.7-34.3 GPa in compression (An et al., 2003;
Hengsberger et al., 2001). The micrometer-sized cortical bone has Young’s modulus
values reported in the range of 5.4-12.5 GPa as determined from micro-bending tests
(Rho et al., 1997). These values are smaller than those obtained by the first two tests
on large cortical bones. The variation of the measured modulus obtained from different
specimens’ sizes and mechanical tests is indicative of the complexity of the structure
of bone (Zysset et al., 1999; Hengsberger et al., 2001). This type of structure requires
specific methods of investigation due to various levels of scale (at micro, micro and
nano scales) which need to be considered, as well was the interplay between this levels.
Bone is a hierarchical structured material from the molecular to macroscopic level. Its
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macro-scale mechanical properties are controlled by both intrinsic mechanical proper-
ties of the micro-and nano-scale constituents (organic and mineral phases) as well as the
structural organization of these constituents across the different length scales. Nanoin-
dentation is a useful technique that minimizes the effect of bones complex structure
because of its high spatial resolution and ability to position the indenter on the micro-
and nano-structure of interest. Nanoindentation has been developed since 1992; it is
an ideal tool to probe a specimen at the micro scale, which excludes the effect of large
scale porosity, the influence of microstructure defects (i.e. cement line and lacunae)
and the uncertainty of specimen geometry (Rho et al., 1997; Rho et al., 1999; Zysset
et al., 1999). It can be used to determine the mechanical properties of bone at vari-
ous microstructures (osteons versus trabeculae) and even down to individual lamella,
which are on the order of few micrometres. Studies of measuring the mechanical prop-
erties of bone tissue by using nanoindentation have examined the structure-properties
relationship for healthy tissue as well as the effects of osteoporosis-related fractures on
nanomechanical response (Guo & Goldstein, 2000). One of the experiments conducted
in rats found that although the total volume of bone drops in osteoporosis, testing re-
sults revealed no changes in the local elastic modules of the remaining tissue (Brennan
et al., 2009). Furthermore, the reports have found that there is no significant change
in the elastic modulus and hardness in the samples of osteoporosis causes by estrogen
depletion (Guo & Goldstein, 2000).
Nanoindentation has been used on bone samples obtained from different sites of the
individual’s body. Results show a large variation dependant on the testing bone tissue
types and subjects. The range of reported modulus values is from 7-30 GPa. Elastic
modulus of cortical bone is higher than trabecular bone. This phenomenon is believed
to be due to the degree of mineralization and collagen orientation places in both bone
microstructures. Within the cortical bone, differences of modulus were found when
measured in osteons and interstitial lamellae (Rho et al., 1997; Rho et al., 1999). The
mentioned results are stated that at micro scales, bone tissues have significantly differ-
ent responses to external stress, such as indentation. An explanation of the variation
of nanoindentation data may have resulted from the orientation of the tested samples,
various degrees of mineralization, collagen orientation and bone remodeling (Rho et al.,
1999). Turner et al. (1999) reported that the elastic modulus of trabecular bone fell
between the elastic modulus of cortical bone specimens from cut along longitudinal
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and transverse directions. However, the results were generated from one subject and
from an area selected randomly and it is unclear if the modulus of trabecular bone
has similar values to cortical bone. Nanoindentation experiments are most commonly
conducted on cortical bone, due to its relative uniform micro/nano-structure compared
with trabecular bone. For trabecular bone, the orientation and anatomic location of
the local bone structure are all important in determining its elastic properties (Rho
et al., 1999; Zysset et al., 1999; Hoffler et al., 2000). For example, different locations
of the trabecular bone in the proximal femur represent regions subjected to different
amounts of loading in vivo. The superior surface of the femur is the most highly loaded
region, the inferior the least loaded and the central region of the femoral head is not
loaded directly but has loads transmitted to it (Liebschner & Wettergreen, 2003). Only
a few literatures are available in reporting the effect of structural variation within the
trabecular bone on its mechanical properties measured at a micro scale.
As mentioned earlier, bone is a heterogeneous material containing, collagen, mineral
crystals and water. The mechanical properties obtained from nanoindentation are the
combined effect of these constituent components. Collagen contributes to the bone’s
elastic and viscoelastic behaviour, the mineral component stiffens the overall material,
while water contributes to elasticity and ductility (Bushby et al., 2004; Hoffler et al.,
2005; Ferguson & Olesiak, 2010; Smith et al., 2010). The results of hardness and elas-
tic modulus obtained by nanoindentation from both cortical and trabecular bones are
scattered and these results would be heavily affected by the bone mineralization, colla-
gen orientation and the interaction between them (Zysset et al., 1999; Fan et al., 2002;
Rho et al., 2001; Smith et al., 2010). Hence, any extensive study and in-depth inter-
pretation of nanoindentation data should consider the inorganic (mineral) and organic
matrix. For example, the elastic modulus and hardness calculated from nanoinden-
tation has been shown to have significant positive correlations with calcium content
(Smith et al., 2010). The same study reported that the organic matrix, in particu-
lar collagen cross-links, played a very important role in bone mechanical performance
(Smith et al., 2010). Until now, it remains unclear as to exactly what part of the bone
construct is being tested by nanoindentation.
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2.8 Quantitative backscatter electron imaging (qBEI)
As mentioned earlier, bone is a hierarchical structure that is composed of organic
(type I collagen) and inorganic (mineral crystals) components. The conventional belief
is that the mineral phase of bone tissue is an important determinant of bone strength
(Ruppel et al., 2008). In recent years, emphasis has been placed on the interrelation
between the mechanical properties and bone tissue composition at the microscopic
level (Boskey, 2001; Boivin et al., 2008; Fratzl-Zelman et al., 2009) and the study
of bone mineralization density distribution (BMDD) (Roschger et al., 2001; Sutton-
Smith et al., 2008; Roschger et al., 2008; Carpentier et al., 2012; Busse et al., 2009).
Determining the variation of mineral content of bone tissue at the microscopic scale
can yield important insights into the mechanical strength and indirectly reflects bone
remodelling activities.
The mineral composition of bone tissue may be analysed by employing a variety of
analytical techniques depending on which hierarchical level of bone is being investi-
gated. At the macroscopic level, areal bone mineral density (aBMD) of the femur
can be measured by BMD using dual-energy X-ray absorptiometry (DEXA). aBMD
is estimated by normalizing bone mineral content in a volume of scanned bone by the
bone’s diameter (Chappard et al., 2011). As a result, aBMD provides a measure of the
density that is sensitive to changes in geometry of the targeted bone. Ash density is
another measurement of providing an overall view of total mineral content of a bone.
However, it is a destructive test requiring bone to be dried and grounded into a powder
and then incinerating it. At the end of the process, mostly calcium phosphate is left
behind.
At the microscopic level, the mineral content of cortical and trabecular bone can be
measured by high resolution desktop µCT. This technique is based on the absorption
of X-ray by the mineral phase of bone bone matrix. µCT today can reach a spatial
resolution of 5 µm. Apart from the µCT, the BSE mode in SEM has been developed by
Boyde and Jones as an alternative to microradiography (Chappard et al., 2011). During
the last decade, it has been found that the BSE mode in SEM is suitable to quantify
the bone mineral content from an individual nanoindent site and bone mineralization
density distribution (BMDD).
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2.8.1 Theory
SEM is a high resolution instrument that forms an image by producing a beam of high
energy electrons and examines the interactions between the incident electrons and
the sample of interest. An image of the sample is produced by rastering an electron
beam over the surface of the sample, where upon a certain types of electrons are
emitted from the microstructure and then collected by an appropriate detector (Wittke,
2008). Topological features of the sample can be viewed with the phtoemission mode
of the SEM, where secondary electrons (SEs) will be emitted from inelastic collisions.
Backscattered electrons (BSEs) are elastically scattered, where the scattering effect
is dependent on the atomic number (Z) of the atom (Flewitt & Wild, 2007). For
example, the higher the atomic number the more backscattered electrons that are
elastically scattered and collected by the detector. This leads to a lighter contrast
compared to atoms with a lower atomic number. The interaction volume for SEs and
BSEs is illustrated in Fig. 2.22). BSEs are generated from a much larger interaction
volume than SEs. This leads to BSE mode having a lower resolution than SE mode
(Flewitt & Wild, 2007).
Figure 2.22: Interaction volumes between the electron beam and the sample (Wittke, 2008).
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Because different materials are differentiated by different intensities (or GL) ranging
from 0 to 255. Hence, it is essential to employ a method of calibrating GL to ensure
accuracy and reproducibility of the quantitative measurement between samples in BE
images. Quantitative BE imaging (qBEI) is a technique utilized to characterise bone
tissue mineral content and distribution across bone samples. The development of this
technique commenced in the in 1990s, and culminated in its validation by Roschger et
al. (1998). Since then, it has become the most mentioned and cited method for the
investigation of bone tissue mineral content. This method is based on the intensity
of the backscattered image and is related linearly to its mean atomic number (Z).
As a result, regions of the material that are composed of larger, heavier atoms will
backscatter more electrons thus generating brighter gray tones in the backscatter image.
Conversely, lighter atoms will produce darker gray tones in the image.
In qBEI, carbon, C, (Z = 6) and aluminium, Al, (Z = 13) standards were imaged
and the brightness and contrast were altered to the GLs of C and Al are 25 and 225
respectively (Roschger et al., 1997). This produced a calibration line relating atomic
number to gray level (Fig. 2.23a). This is followed by a standardization line of BE gray
level versus Ca content (Fig. 2.23b). The standardization line is developed by imaging
an osteoid (0 Wt.% Ca) and hydroxyapatite (39.86 Wt.%) under the calibrated GL
conditions (Roschger et al., 1997; Roschger et al., 1998).
46 Chapter 2. Background
(a)
(b)
Figure 2.23: (a) Calibration line of GLs into atomic numbers for the calibration of the GL
scale. (b) Standarization line of BE gray levels and Ca concentration (Wt.%) (Roschger et al.,
1998).
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2.8.2 qEBI of mineralized bone tissue
Quantitatively backscattered electron imaging (qBEI), in the scanning electron mi-
croscopy (SEM), has been utilized to provide the bone compositional information and
distribution across various samples, which are related to the clinical problems or treat-
ment strategies for metabolic bone disease (Roschger et al., 2001; Sutton-Smith et al.,
2008; Roschger et al., 2008; Carpentier et al., 2012; Busse et al., 2009). BMDD
produced by qBEI is a frequency distribution which quantifies the heterogeneous Ca
content in bone. It is also a fingerprint of of the mineralization process and provides the
indirect information about the history of bone remodelling activities and bone turnover
rate (Roschger et al., 2003; Ruffoni et al., 2007).
For the comparison of a measured BMDD with the ”normal BMDD” from healthy
individuals, three parameters, the average Ca content, Camean, the peak of BMDD
curve, Capeak and the full-width at half-maximum of the BMDD peak, Cawidth are ob-
tained from the BMDD histograms and compared to reference values (Roschger et al.,
2003; Loveridge et al., 2004; Roschger et al., 2008). Additionally, Cawidth obtained
from the BMDD histogram reflects the homogeneity of mineralization, with a lower
value indicating a more homogeneous mineralization pattern of the samples (Roschger
et al., 2003; Roschger et al., 2008). In contrast, a higher values of Cawidth means
the distribution gets broader, reflecting an in a increase in the heterogeneity of min-
eralization. If bone tissue was experienced a high bone turnover rate, the BMDD
distribution will shift to lower mineral concentration values due to a less mineralized
matrix (Ruffoni et al., 2007; Busse et al., 2009; Ciarelli et al., 2009). Conversely, when
the bone turnover rate is reduced, the BMDD distribution will shift to higher mineral
concentration values and the width of BMDD histogram become narrow.
In the trabecular bone, remodelling packets are the basic structural units (Roschger
et al., 2008). Previous qBEI studies revealed the bone packets are not mineralized
uniformly. Each bone packet exhibits a discrete remodelling event and are separated
by cement lines (Ciarelli et al., 2009). The heterogeneity of trabecular bone packets
reflect the process of bone resorption and formation, which aim to repair microdamage,
and adapt the existing microstructure in response to external mechanical loads (Smith
et al., 2010).
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Busse and colleagues (2009) investigated the change in mineralisation between healthy
and osteoporotic bone tissue. They discovered that osteoporotic bone had a greater
heterogeneity of mineralisation across many trabecular bone packets. Additionally,
cement lines that separate different bone packets contain higher mineral content com-
pared with the bone tissue. Their findings suggested that the mineral-related features
may result in the osteoporotic trabeculae being more susceptible to failure through
shear loading. Some studies discovered that the calcium content towards the centre of
trabecular struts would be higher than those towards the edges (Boivin et al., 2008;
Smith et al., 2010; Tjhia et al., 2012).
Recently, the combining nanoindentation with qBEI has been utilized to investigate the
role of mineral content on the local mechanical properties (Gupta et al., 2005; Boivin
et al., 2008; Smith et al., 2010; Tjhia et al., 2012; Zebaze et al., 2011). However, no
consistent results were found. Some reported that tissue-level analysis of mineral con-
tent using qBEI can identify a trend (strong to weak) with local mechanical properties
(Boivin et al., 2008; Smith et al., 2010; Tjhia et al., 2012). However, a study giving
by Zebase et al. (2011) reported that the relationship between tissue-level analysis of
mineral content and nanoindentation modulus and hardness was absent. It is evident
that the local response of bone tissue to loading is governed by a complex interaction
of bone mineral with its surrounding collagen-rich matrix (Ruppel et al., 2008).
2.9 Specific aims
To obtain a fundamental understanding of the mechanical behaviour of trabecular bone
tissue, the material composition and mechanical properties of trabecular bone should
be investigated at the micro and nano level. This would improve our ability to predict
fracture risk effectively and provide better treatment for osteoporosis. Although the
Finite element analysis (FEA) model combined with nanoindentation data might be
used to study the relationship between the microstructure, material properties at the
tissue level and the overall mechanical properties. However, the majority of the FEA
models assumed that bone tissue was homogeneous, isotropic and linearly elastic in
deformation. It is therefore diffcult to capture the bone’s true mechanical behaviour
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at the tissue level. As a consequence, the current study focused on experimental
approaches to study the mechanical properties of human trabecular bone tissue. The
thesis aimed at examining trabecular bone tissue extracted from bovine and human
femoral heads mechanically and chemically. To specify, the following four aims were
defined:
Aim 1: Investigate the effect of sample preparation on the mechanical properties of
trabecular bone tissue measured by nanoindentation. Nanoindentation has been widely
employed to assess the trabecular bone tissue properties. However, the process of re-
treating bone tissue from in vivo physiological conditions potentially alter the bone
tissue properties. Thus, understanding how sample preparation affects the measure-
ment of bone tissue properties is the essential first step.
Aim 2: Examine the mechanical properties of trabeculae from human proximal femur
specimens with respect to the local structure (e.g. trabecular orientation), indenting
direction, donor age and pathological condition (e.g. the presence of bone cysts).
Aim 3: Assess the bone mineralization density distribution (BMDD) of trabeculae.
How the three factors, namely trabecular orientation, donor age and pathological con-
dition, affect BMDD, both individually and interactively.
Aim 4: Examine how the mechanical behaviour of trabeculae is influenced by the local
mineral content.
2.10 Outlines
This thesis is composed of 8 chapters.
Chapter 1 presents the motivation, specific aims and outline of the thesis.
Chapter 2 provides the background of this thesis. It commences with introducing the
function and adaptation of bone, followed by details of the hierarchical structure and
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compositions of bone. The properties of trabecular bone are then described in detail.
Metabolic bone diseases such as osteoporosis and the current standard clinical diagno-
sis for osteoporosis are briefly introduced and discussed. This section highlights bone
quality, a concept that encompasses a combination of factors related to bone strength
and bone fragility, other than bone density. Subsequently, the review emphasizes the
importance in the assessment of bone quality at the micro- and nano-structural lev-
els of bone. As there has been growing interest in combining two ex vivo methods,
namely nanoindentation and quantitative backscattered electron imaging (qBEI), in
the measurement of bone quality, details on applying these two techniques in trabec-
ular bone tissue studies as well as the current issues with using these two techniques
were discussed.
Chapter 3 summarizes the materials and methods that were used in this thesis. It
contains details of how the bone samples were prepared, instrument set-up, and finally
how the regions of interest were selected. The statistical analysis methods used for all
experimental data are also detailed.
In Chapter 4, the effect of sample preparation methods, including cutting direction,
dehydration and embedding medium, on the mechanical properties of trabeculae mea-
sured using nanoindentation is described. Trabecular bone in the proximal femur forms
accordingly to the stress trajectories of compressive and tensile stress. The complexity
of microstructure results in a high degree of mechanical anisotropy in the trabeculae.
Therefore, the results depend on how the bone samples were cut relative to the orien-
tation of the trabecular network. It is known that the dehydration and an embedding
medium would lead to overestimation of the bone tissue properties. However, these two
procedures are necessary for preparing trabecular bone specimens for nanoindentation.
Thus, the aim of this chapter was to understand how the mechanical properties of bone
vary with cutting directions, degrees of dehydration and choices of embedding medium,
so as to design appropriate sample preparation procedure to minimize the alteration
of bone tissue properties.
Chapter 5 aims to examine the mechanical behaviour of human trabecular bone tis-
sue obtained from nanoindentation. Bone tissue properties, deformation mechanisms
and energies during indentation were estimated. Two types of trabeculae were firstly
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identified based on their orientation with respect to the primary loading direction of
the proximal femur. They were then indented in two orthogonal directions. The local
bone tissue properties with respect to the local structure and indent direction were de-
termined. The effect of donor age on the bone tissue properties was also investigated.
Additionally, the observation of bone cysts shown in the clinical computed tomography
(CT) images allowed the investigation of the effect of pathological change associated
with osteoporosis on the mechanical behaviour of trabeculae.
The compositional analysis of trabecular bone qBEI is presented in Chapter 6. Bone
mineralization density distribution (BMDD) of trabecular bone tissue was imaged at
×20 nominal magnifications and at ×200 nominal magnification. Backscattered elec-
tron (BE) images of trabecular bone revealed microstructural features of trabecular
bone and trabecular bone was arranged in packets of lamellae. Each bone packet had a
different gray level that reflected different degrees of mineralization. Three parameters
(Camean, Capeak and Cawidth) were derived from BMDD histograms as an indication of
the heterogeneity of mineralization. These three parameters allowed the comparison
of datasets with different trabecular types and trabecular conditions. It was found
that there might be age-related change in mineralization as well as increased likelihood
of the pathological change associated with osteoporosis. BMDD provided additional
information, such as bone remodelling history and mineralization state.
In Chapter 7, the combination of experimental data from nanoindentation and qBEI
was used to show if the mineral content determine the mechanical properties of trabecu-
lae. The mineral content was assessed locally from the individual indent position. This
then allowed a correlation to be drawn between the mineral content and its correspond-
ing tissue properties. Moreover, how the mineral content affects the nanoindentation
results was examined. The variation of the mineral content across different trabecular
types and trabecular conditions was also demonstrated.
To conclude, Chapter 8 summarizes the key findings of Chapters 4-7. The limitations




This chapter details the materials and methodologies utilized in the subsequent chap-
ters of this work. The first two sections of the chapter describe the sample information
and sample preparation steps required for the mechanical evaluation of trabecular bone
tissue. Section 3.3 describes the nanoindentation experimental details on trabecular
bone tissue, including the testing protocol and the selection of indenting parameters.
This is followed by detailing the atomic force microscopy (AFM) experiments set up.
Section 3.5 describes the experimental set up and analysis for measuring the bone tis-
sue mineral content. Finally, the statistical analysis used to identify the significant
differences among factors that influence mechanical and compositional measurement
of the trabecular bone tissue is presented.
3.1 Materials
Both bovine and human trabecular bones were used in this thesis. Bovine trabecular
bone was investigated first in order to develop effective sample preparation techniques
and experimental setup, such as holding time, loading and unloading rate for measuring
the mechanical properties of trabecular bone tissue. Human trabecular bones were
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subsequently prepared and tested based on the finding obtained from the bovine bone
samples.
Bovine bone was selected for investigation in the first experimental stage due to the
bone being larger and much more accessible than human bone. In general, bovine and
human femur have similar appearances, although bovine femur is shorter and wider
than human femur as shown in Fig. 3.1.
Figure 3.1: Difference between the femora of cow and human. Notice that bovine femoral
head is less spherical than human bone.
Trabecular bone can be found primarily in both bovine and human femoral head.
The femur bones exhibits structural differences depending on the maturity level of the
respective source specimen. Bovine bone grows faster than human bone, and as a result,
a bovine bone is fully grown in two years, whereas human bone achieves full growth by
the age of 16 years (Carter & Hayes, 1976). With respect to bone compositions, both
bovine and human bones are similar. Therefore, the mechanical behaviour of both




Bovine proximal femur was initially tested. Two fresh whole bovine femora were ob-
tained from a local abattoir (Teys Australia Beenleigh). The proximal third of each
femur, as shown in Figure 3.2a, was separated with a hacksaw and stored at −20◦C
until sample preparation.
(a) (b)
Figure 3.2: Typical (a) bovine and (b) human femoral head as used in the study. Black scale
bar = 1 cm.
3.1.2 Human bone
Human femoral heads were obtained through the Queensland Bone Bank. The spec-
imens were most likely collected from cadavers or patients who had undergone or-
thopaedic surgery. The ball of the femoral head was received (Fig. 3.2b) and stored
at −20◦C prior to the sample preparation. All human specimens were scanned by a
Philips Brilliance CT 64 - slice scanner through the Medical Imaging Facility at The
Prince Charles Hospital, Chermside, Brisbane. Specimens were then returned to the
freezer immediately after scanning.
Six female femoral heads of various ages (ranging from 52 to 86 years) were prepared
for conducting the experimental work. The details of these six human specimens and
their clinical CT images are summarised in Table 3.1.
56 Chapter 3. Materials and methods
Table 3.1: Details of human specimens used in this study.
Age,
years
Side Clinic CT image Bone condition
52 Right
Good, well-structured and the
epiphyseal line is visible
65 Right Good, well-structured
67 Right
One large and few small cysts
are present
75 Right
Few bone cysts and pores are
present
77 Left Few bone cysts are present
86 Left One bone cyst is present
3.2 Sample preparation 57
The selection of femoral heads was based on the conditions of the trabecular bone
region, which was observed through the clinical CT images. Fig. 3.3 illustrates the
comparison between a normal and abnormal trabecular bone structure. In the abnor-
mal bone (Fig. 3.3b), multiple bone cysts of various sizes appear in the trabecular bone
of the upper proximal femur, whereas normal proximal femurs showed no sign of bone
cysts and the trabecular bone consists of well-connected strut (Fig. 3.3a). Among the
six femoral heads, two collected from 52 year-old and 65 year-old donors were identified
as normal trabecular bone group, and rest of femoral heads were identified as abnormal
trabecular bone group.
(a) (b)
Figure 3.3: Clinical CT images exhibit the (a) normal and (b) abnormal proximal femurs.
3.2 Sample preparation
3.2.1 Cutting
Sample preparation was carried out at the Medical Engineering Laboratory, Queens-
land University of Technology (QUT). During the removal of bone tissue, soft tissue
attached on the femoral head was removed with a scalpel. The femoral head was gently
positioned in a vice, and a singular coronal section was made in the femoral head with
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a hand saw, separating the anterior hemisphere of the femoral head from the posterior
hemisphere (Fig. 3.4). After the first cut, the bone sample was gently washed with 0.1%
phosphate-buffered saline (PBS: 137 mM NaCl2, 2.7 mM KCl and 10 mM phosphate
buffer at PH 7.4, Amresco, Astral Scientific) water.
Figure 3.4: The medial-lateral view of the right proximal femur obtained from the 75 year-old
donor.
The orientation of the macroscopic trabecular bone structure was revealed as shown in
Fig. 3.5. Unlike the vertebral trabecular bone, trabecular bone in the proximal femur is
neither random nor regular. In fact, its orientation corresponds to principal mechanical
loadings that acted on the femoral head (Thompson, 1992). As mentioned in section
2.6, stresses that occur in a proximal femur are predominantly compressive (Mu´ller &
van Lenthe, 2006; Djuric´ et al., 2012). Therefore, the principal loading direction (PLD)
as indicated in Fig. 3.5 is also the direction of the compressive trabecular group.
In this thesis, trabeculae extracted from the compressive trabecular group were named,
longitudinal trabeculae. On the other hand, trabeculae extracted from the tensile tra-
becular group were names transverse trabeculae because the orientation of trabeculae
was almost perpendicular to the PLD. The anterior proximal femur was further sec-
tioned to prepare trabecular bone specimens with known orientation relative to the
PLD of the femoral head. One rectangular-like bone block, as illustrated by the black
rectangle in Fig. 3.5, was extracted from the anterior hemisphere of the femoral head.
The trabecular block (≈ 12 × 5 × 5 mm3) was extracted from near the centre of the
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proximal femur. A final cut indicated by the red line in inside the black rectangle
Fig. 3.5 was made to obtain a pair of neighboring samples.
Figure 3.5: The orientation of macroscopic trabecular bone in both anterior and posterior
hemispheres of the femoral head. The compressive trabecular group is indicated by the black
dashed arrow, while the tensile trabecular group is indicated by the white dashed arrow.
Note that the primary loading direction (PLD) of the femoral head follows the direction of
the compressive trabecular group.
3.2.2 Cleaning
The bone marrow within the pores of trabecular network was removed after the cutting
procedure. Cleaning was performed by immersing the bone in warm water, approxi-
mately 37◦C, which simulate the temperature of bodily fluid. Care was taken to ensure
that the warm water used in this step did not exceed 40◦C since the collagen proteins
are denatured above this temperature (Wright & Humphrey, 2002). During immer-
sion in warm water, a toothbrush was used to brush away superficial marrow from the
bone samples. A syringe filled with water was also used to dislodge marrow inside the
centre of each specimen. The result of bone marrow removal is illustrated in Fig. 3.6.
Each small trabecular block contained both longitudinal and transverse trabeculae,
which were identified based on the known orientation relative to the macroscopic bone
structure.
60 Chapter 3. Materials and methods
Figure 3.6: Optical image of a typical bone sample with a clear trabecular network after the
removal of bone marrow. Both longitudinal (red ovals) and transverse (black ovals) trabeculae
can be identified. White scale bar = 5 mm.
3.2.3 Fixation
Trabecular bone blocks were transferred into 70% ethanol immediately following the
cleaning process then kept for two days at 4◦C. Ethanol fixation not only preserves the
cell structure for microscopic examination, but also prevents tissue decay (Martin &
Sharkey, 2001; Grizzle et al., 2007). Additionally, bone marrow fat can be completely
extracted while avoiding changing the mineral content (i.e dissolution) of samples (Mar-
tin & Sharkey, 2001). One previous study demonstrated that the effect of 70% ethanol
fixation on the mechanical properties of the human trabecular bone, as determined
from the compressive testing, can be neglected (Martin & Sharkey, 2001). Generally,
fixative volume is at least 15 to 20 times the volume of the tissue (Jenkin & Burg,
2003). A maximum of 48 hours is considered a sufficient duration for fixation.
3.2.4 Dehydration
A dehydration process follows ethanol fixation, in order to remove unbounded water
and enable the embedding medium to penetrate into the porous structure (Jenkin &
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Burg, 2003; Grizzle et al., 2007). The post-fixation bone samples were dehydrated
using a graded ethanol series with a range from 70% to 100%. Each bone block was
fully immersed into each ethanol concentration solution and places under vacuum for
a half hour.
One solution to reduce the likelihood of altering the mechanical properties of the bone
tissue is to minimize the dehydration time. Hence, two different dehydration times, 30
minutes and 1 hour (hr), were used to investigate the effect of dehydration time on the
mechanical properties of bone tissue. The detailed dehydration process applied to the
human specimens was summarised in Table 3.2.
Table 3.2: Protocol for dehydration steps
Steps Solution Sample Time
1 70% ethanol Bovine 30 mins,1 hr
Human 30 mins
2 80% ethanol Bovine 30 mins, 1 hr
Human 30 mins
3 90% ethanol Bovine 30 mins, 1 hr
Human 30 mins
4 100% ethanol Bovine 30 mins, 1 hr
Human 30 mins
5 100% ethanol (fresh) Bovine 30 mins, 1 hr
Human 30 mins
3.2.5 Embedding
The embedding of trabecular bone is essential and commonly performed in the prepa-
ration of specimens for histology and nanoindentation testing (Ferguson & Olesiak,
2010). It remains impossible to perform nanoindentation test un-embedded trabecular
bone. This is because the porous microstructure does not provide sufficient support
while performing nanoindentation tests. For bone tissue with a porous microstructure,
support must be provided for nanoindentation testing by embedding the bone sample
into a resin substrate.
Two types of embedding medium, detailed in Table 3.3, were chosen. The first embed-
ding material was Polymethyl methacrylate (PMMA), and the second was polyester
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resin. Bovine specimens were embedded in these two resins to study the effect of the
embedding medium on the mechanical properties of trabecular bone tissue. The pro-
tocol for the embedding of bovine and human specimens embedding in summarized in
Table 3.4.



































Table 3.4: Protocol for embedding steps
PMMA Embedding
Steps Solution Sample Time
1 Infiltration solution Bovine, Human 30 mins
2 Embedded in PMMA Bovine, Human 1.5 weeks
Daystar Polyester Resin embedding
Steps Solution Sample Time
1 Embed in polyester resin Bovine 4 days
PMMA is the polymerised form of the methyl methacrylate (MMA) monomer (Grizzle
et al., 2007). MMA is widely used as an embedding medium for undecalcified bone
tissue. It allows visual observation of the sample at all times and is affordable. However,
the polymerization process requires accurate temperature control and is highly sensitive
to the presence of water or ethanol (Mohsin et al., stry; Stefan et al., 2010; Grizzle
et al., 2007). In this work, the PMMA embedding procedure was modified by shortening
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the time for MMA infiltration, and excluded the use of xylenes. PMMA was made of
MMA, PEG 400 and Perkadox 16 in the weight proportions 0.967:0.03:0.003. Following
dehydration, trabecular bone blocks were immersed into the infiltration solution (MMA
+ PEG 400) for at less 30 minutes under vacuum. Bone tissue was then carefully
positioned inside a base mould jar (Fig. 3.7). The jar was then filled with PMMA
solution and placed under the vacuum for approximately 30 minutes.
Figure 3.7: Typical PMMA embedding steps. A trabecular bone block and green beads were
placed on the base mould. The green beads were used for the identification of bone samples
from different donors. The transparent PMMA-embedded bone block were then ready for
polishing.
Fig. 3.8 demonstrates how a pair of neighbor samples were embedded into the resin.
One trabecular block was embedded with the sample surface perpendicular to the
PLD of the proximal femur; facing up; the other bone block was embedded with the
sample surface parallel to the PLD of the proximal femur; facing up. To promote the
polymerisation of PMMA, the jar was then placed in a water bath at 37◦C and carefully
monitored. The embedded samples were completely polymerised after 1.5 weeks.
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Figure 3.8: The trabecular samples embedded in resin after polishing. Note that the patterns
indicate the polished bone surfaces are either perpendicular or parallel to PLD of the prox-
imal femur. Both samples contained longitudinal (green circles) and transverse (red circles)
trabeculae depending on their locations with respect to the PLD of the proximal femur. One
scratch was indicated by the white arrow.
MMA was used in combination with a softener and di-butyl phthalate for polymerisa-
tion. The components are hazardous and required engineering control such (fume cup-
board) in addition to careful handling. Identifying an alternative embedding medium
for trabecular bone tissue would be useful for reducing the hazards present in this
procedure.
The second embedding medium used in this study was a polyester resin. The embedding
solution was a mixture of polyester resin and Daystar polyester hardener. After the
solution was mixed, it was then poured into vials containing the bone blocks. The vial
with the embedding solution was placed under a vacuum and pumped for approximately
10 to 15 minutes. The air within the porous structure was constantly removed by the
vacuum pump. Full polymerisation was accomplished at room temperature after 4
days.
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3.2.6 Polishing
The resin-embedded bone surfaces were hand-polished (LaboPol-2, Struers, Australia)
using adhesive silicon carbide papers of grit sizes from 600 to 1000 (LECO Corp., St.
Joseph, MI, US), followed by diamond lapping films of grit sizes from 15 to 1 µm (Allied
High Tech. Products Inc.CA, USA). The fine polishing was completed on a Buehler
Metaserv Universal Polisher using OP-U suspension with a particle size of 0.04 µm
coupled with a fine polishing cloth (MD/DP-Nap, Struers, Australia). Samples were
cleaned ultrasonically for 30 seconds (s) in distilled water after each polishing step.
Surfaces with mirror-like finishes were achieved, as shown in Fig. 3.8.
For all the resin-embedded samples, the polishing direction was undertaken from the
top to bottom of the resin block, indicated by the red arrow in Fig. 3.7. Surfaces
were examined using an optical microscope (M Stereomicroscopes, Leica Microsystem
Ltd, Switzerland) to ensure that they were free of any significant scratches. Prior to
nanoindentation, each sample was placed individually in a container filled with a des-
iccant (Silica Gel Australia) to standardize hydration, and stored at room temperature
(20◦C).
3.3 Nanoindentation of bone
3.3.1 Instrumentation
Nanoindentation is an appropriate technique to examine the mechanical behaviour of
bone at the nanoscale. The mechanical properties of trabecular bone were character-
ized using a Hysitron TI900 TriboIndenter (Hysitron Inc., Minneapolis, MN, USA),
equipped with an in situ atomic force microscope (AFM, Q-Scope 250/400 Nomad,
Ambios Technology Inc., Santa Cruz, USA,), shown in Fig. 3.9.
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Figure 3.9: Hysitron TriboIndenter system includes an optical microscope, a transducer at-
tached to a triboScanner, an AFM, as well as the sample stage.
A Berkovich indenter is commonly used in nanoindentation studies of bone because it
has well defined geometry as mentioned in section 2.7. In addition to this, the Berkovich
tip generates more stress concentration underneath the indenter compared to conical
and spherical indenters (Fischer-Cripps, 2011a). Thus, a Berkovich diamond indenter
(Fig. 3.10) with a tip radius of 100 nm was used in this study. The nanoindentation
experiments were carried out at the Nanomechanics Laboratory, The University of
Queensland.
(a) (b)
Figure 3.10: (a) The three-plate capacitive one-dimensional transducer. The Berkovich tip is
screw fastened into the transducer. (b) A scanning electron microcope (SEM) image showing
the Berkovich tip with three-side pyramidal geometry.
3.3 Nanoindentation of bone 67
3.3.2 Nanoindentation set-up
All nanoindentation experiments were carried out at room temperature (approximately
24◦C). To facilitate accurate nanoindentation protocol and data analysis, several cal-
ibrations were performed prior to testing on the bone samples. These calibrations in-
clude an air-indentation, machine compliance compensation and the tip area function
evaluation. The nanoindentation facility utilizes depth sensing during indentations,
and is therefore able to derive the reduced modulus (Er) and hardness (H) from the
contact depth. Thus, localised changes in measured displacement due to the thermal
effects, machine compliance and tip wear must be accounted for to minimize their ef-
fects on the measured raw data and subsequent material characterization calculations
(Fischer-Cripps, 2011b).
The air-indent calibration is used to calibrate the transducer. The tip area function
and the machine compliance were calibrated on a fused silica reference sample. An
automatic preliminary thermal drift correction was applied before each indentation.
Trabecular bone samples were temporarily bonded to a steel base using wax and placed
on the sample stage. Once the bone samples were placed on the stage, the sample sur-
face was imaged using an in situ camera linked to the light microscope lens. The
light microscope was optimally focused on the sample surface in order to provide suffi-
cient contrast between trabecular bone tissue and the surrounding embedding medium.
Fig. 3.11 illustrates a typical optical image of the bone tissue.
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Figure 3.11: Typical light microscopic image of trabecular bone tissue within the embedding
medium (PMMA).
Certain experimental parameters were established to facilitate analysis of the samples.
The typical 5-30-5 trapezoidal load function used for indentations on the trabecular
bone tissue is depicted in Fig. 3.12. A maximum load of 2.0 mN was chosen. The
average nanoindentation depth of trabecular bone tissue was approximately 450 nm.
Figure 3.12: Typical load function used in the nanoindentation tests.
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The ratio of indentation depth to the bone surface roughness is about 6:1; greater than
the 3:1 ratio reported by Donnelly et al. (2006). A maximum load of 2.0 mN produced
sufficient depth to ensure surface roughness had a negligible effect on the calculated
mechanical properties. The maximum load was held constant for a period of 30 s
to allow viscoelastic displacements to dissipate before the unloading step began. A
constant loading and unloading rate of 400 µm/s was applied throughout the testing.
A variety of testing parameters have been used for the nanoindentation of bone. These
testing parameters include loading rates, unloading rates and holding times. Because
bone exhibits time dependent behaviour, the mechanical properties are therefore sen-
sitive to testing parameters (Ferguson & Olesiak, 2010). In this study, the loading
and unloading rate, as well as the holding time, were examined to understand their ef-
fects on the measured nanoindentation results. Four loading and unloading rates were
chosen from the wide range reported in the literature. Varying the loading and unload-
ing rate during indentation was found to have no significant effect on the calculated
mechanical properties (Fig. 3.13).
A wide range of holding times (0 to 1000 s) have been utilised in the literature. Creep
deformation is the additional displacement that occurs during the holding of the inden-
ter at a maximum load. Six holding times were utilized for the bone tissue indentation
in order to examine the effect of holding time on the nanoindentation results. As il-
lustrated in Fig. 3.14, there was a dramatic decrease in Er and H when the holding
time increased from 5 to 30 s. However, the differences in the mechanical properties
of trabeculae calculated for holding periods of 30 to 480 s showed no statistically sig-
nificant difference. Results indicated that a holding time chosen between 30 to 480 s
had less viscoelastic and/or viscoplastic effects on estimated Er and H of bone samples
compared to the 5 s holding period. A 30 s holding period was therefore considered to
be sufficient for bone samples and nanoindentation testing parameters.
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(a) (b)
(c) (d)
Figure 3.13: The effect of (a,b) loading and (c,d) unloading rate on the mechanical properties
of bovine trabecular bone. The maximum load was 2.0 mN. The holding time was 30 seconds.
No significant difference in Er and H were observed for the different parameters.
(a) (b)
Figure 3.14: Effect of holding times on the mechanical properties of bovine trabecular bone
tissue.
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3.3.3 Procedure
Once the testing parameters were decided, a load-hold-unload function as shown in
Fig. 3.12 was used exclusively during trabecular bone tissue testing. The experimental
protocol used was a load controlled indentation procedure. Suitable regions of interest
(ROIs) in each trabecular bone sample were established based on their microstructure
and orientation, as viewed through the light microscope attached to the nanoindenta-
tion system. The x-y coordinates for each ROI of the trabeculae were saved within
the nanoindentation program. In this study the indentations in both coordinates were
set 20 µm apart. Approximately 80 indents were performed on each ROI. In each tra-
becular bone sample, a total of 16 trabeculae (eight longitudinal and eight transverse
trabeculae) were indented. Within 80 indents, partial indents were made on the resin,
shown as triangle impressions in Fig. 3.15.
Figure 3.15: Indentation performed on longitudinal trabecular bone samples (86 year-old).
Five indentation impressions (triangle shape) were left in the embedding medium (PMMA).
No impression was visualized in bone tissue.
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The simplified indentation directions performed in trabeculae are summarized in Fig. 3.16.
In this study, both longitudinal and transverse trabeculae were indented in the axial
and radial direction, respectively.
Figure 3.16: Schematic illustration of longitudinal and transversal region of interest for
nanoindentation experiments. Two indentation directions, axial and radial, were identified
as the indentation performed along the PLD (grey arrow) of the proximal femur and perpen-
dicular to the PLD. Note: LA: longitudinal trabeculae indented in the axial direction; LR:
longitudinal trabeculae indented in the radial direction; TA: transversal trabeculae indented
in the axial direction; TR: transversal trabeculae indented in the radial direction.
3.3.4 Analysis
Once the nanoindentation testing was completed, each tested trabecula was examined
using the in situ light microscope. One example of this situation and its corresponding
P-h curves obtained can be seen in Fig. 3.17. As shown in Fig. 3.17a, indentation
impressions made in the embedding medium can be easily visualized. However, the
impressions made in the bone tissue were undetectable. Hence, the impressions in the
bone tissue were relocated using a custom MATLAB script (shown in Fig. 3.17b) and
the images were then saved for further qBEI analysis and data evaluation, which is
described in the following section. For the calculation of the mechanical properties of
bone tissue, the indents were excluded if they were located either (i) on or close to the
embedding medium, (ii) on a lacunae and/or a crack in the bone tissue, or (iii) near
the boundary between bone and the embedding medium (within 15 µm).
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(a) (b)
(c)
Figure 3.17: (a) Light microscopy image from identical trabecular bone region. Indentation
impressions can be observed in the resin but not on the bone tissue. (b) The locations of
indents made on bone tissue and resin are marked by the asterisks. (c) An example of P-h
curves obtained from indentations made in different region.
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Reduced modulus, Er, and hardness, H, could be directly calculated based on the
P-h curves. A typical load and displacement (P-h) curve of bone tissue is shown in
Fig. 3.18. The P-h curve was used to obtain additional information regarding the
mechanical behavior of bone tissue, such as bone tissue deformation and elastic and
dissipated energies. The estimation of the creep deformation, elastic (he) and plastic
(hp) deformation, and elastic and dissipated energies (UE and UP ) is illustrated in
Fig. 3.18. The creep deformation is the additional displacement that occurs within the
holding segment at the maximum load (distance between B-C in Fig. 3.18).
Figure 3.18: Typical P-h curve for human trabecular bone tissue.
The elastic deformation can be estimated from the difference between the maximum
and final displacement (distance between D-E in Fig. 3.18), whereas the plastic defor-
mation corresponds to the displacement at the zero load at the end of the test (distance
between A-D in Fig. 3.18). The area (A-B-C-E) below the loading curve corresponds
to the total energy spent pressing the indenter into the material. The area below the
unloading area (C-E-D) corresponds to the elastic energy, UE, recovered from the sys-
tem during unloading. The difference, UP = UT - UE, between the areas under the
loading and unloading curves (A-B-C-D), constitutes unrecoverable energy, consisting
of the work spent in plastic deformation or other irreversible process (e.g. cracking)
and the stored elastic energy associated with the residual stress caused by the resultant
impression (Fischer-Cripps, 2011a).
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3.4 Atomic force microscopy(AFM)
AFM results presented in this thesis where obtained using an AMBIOS Q-scope 250/400
MO - MAD AFM probing system. The AFM images were acquired by standard AFM
tapping/wave mode using a monolithic silicon AFM probe (NanoAndMore,GMBH,
Germany). The length of the cantilever was 225 m, with a force constant of 48 N/m
and the tip radius below 10 nm. The radius of the AFM tip used in this study was
considered sufficiently sharp to minimize the effect of tip convolution on AFM images
and without influence from neighboring structures.
Two AFM modes, contact and intermittent contact (tapping) types, are available in the
current AFM operation system. Compared with the contact mode, the cantilever/tip
in tapping mode was slightly taps the surface of bone sample at the resonant frequency
of the cantilever with a constant amplitude of vertical oscillation. The oscillating
amplitude was large enough that the tip did not stuck to the bone sample and avoided
dragging the tip across the surface, which might damage the polished bone surface
during scanning. Additionally, the tapping mode minimizes the effects of friction and
other lateral forces to measure the topography of the soft material. Hence, the tapping
mode was performed to image the bone samples. The AFM system was calibrated to
ensure the reliability in producing geometrically precise images. The AFM parameters
applied on indented bone tissue are summarized in Table 3.5.
Table 3.5: AFM image settings
parameter Value
Scan size 10 µm
Scan Rate 1.0 Hz
Scan resolution 600
In situ AFM images of the bone tissue were taken before and after nanoindentation.
These images allowed the examination of the surface roughness of bone tissue after
polishing and the comparison of surface topographies prior to and after indentation.
Generally, the size of indentation impression made on trabecular bone tissue was in
the range of from 3 to 6 µm. Hence, the scan size of 10× 10 µm2 was used. Additional
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Information about the microstructural feature of bone tissue, such as lamellae, could
also be characterized through AFM imaging. For this purpose, a large scanning size
of 20 × 20 µm2 was employed because the average thickness of individual lamella in
trabecular bone was between 5-7 µm. As illustrated in Fig. 3.19, the arrangement of
lamellar structure can be clearly visualized at the larger scan sizes.
(a)
(b)
Figure 3.19: An example of (a) top-view and (b) 3D AFM image of bovine trabecular bone
tissue taken before nanoindentation. The black scale bar = 5 µm.
The AFM Imaging determined an average lamellar width of approximately 5-7 µm for
the trabecular bone samples. The characterization of surface roughness of bone tissue
prior to nanoindentation was also undertaken by AFM imaging. The roughness was
measured from several scans that has a scanning area of 10× 10 µm2 over a total area
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of 150× 150 µm2. The average roughness, Ra, was calculated by the average deviation










Where N is the number of points within the given area, Zn is the current Z value (the
height of the profile measured from a reference line) and Z¯ is the average height.
In some cases, the AFM tip was contaminated during scanning, resulting in the presence
of repeated artificial triangular features of various sizes within subsequent AFM images
(see Fig. 3.20). It was believed that loose residual material from the bone surface or
dust adhered to the cantilever tip. Therefore, 2 or 3 rapid AFM scans on an Aluminium
(Al) samples were required to clean the AFM tip after every 10 scans performed on
bone tissue. To reduce the likelihood of contamination sample surfaces were cleaned
by the gentle applied the compressed air prior to AFM scanning.
Figure 3.20: An example of a distorted AFM image of bovine trabecular bone tissue. This
image was taken when the tip was contaminated. The white scale bar = 2 µm.
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3.5 Quantitative backscattered electron imaging (qBEI)
3.5.1 Instrumentation
Quantitative backscattered electron imaging (qBEI) was carried out with a field emis-
sion scanning electron microscope (SEM)(JEOL 7001F, Tokyo, Japan). Trabecular
bone samples were coated with carbon by vacuum evaporation using a Cressington
208 turbo carbon coater (TED PELLA, INC, USA) prior to any experimental work in
the SEM. The qEBI experiments were conducted at the Central Analytical Research
Facility (CARF) at QUT. The thin layer of carbon (approximately 200 angstroms ) is
a prerequisite for SEM analysis of organic, non-conductive samples such as embedded
bone tissue. The carbon coated bone samples were loaded into the specimen holder as
shown in Fig. 3.21.
Figure 3.21: Sample holder mounted in JEOL 7001F showing the standard sample (pure
aluminium and carbon, Al-C) and 3 carbon-coated embedded trabecular bone samples.
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3.5.2 qBEI procedure
The operational parameter for the SEM are detailed in Table 3.6. The calibration
procedures for qBEI analysis was based on the work published by Roschger et al.
(1998). The ability of the qBEI to accurately quantify bone mineral density relies on
the stability of the imaging equipment, in particular the probe current.
In this project, the probe current was measured using a picoammeter (Keithley Instru-
ments,Cleveland, OH). Preliminary monitoring of the probe current, combined with
analytical Al-C standard sample images suggested that the current was sufficiently
stable after half hour of operation.
Table 3.6: SEM parameters setting for qBEI
parameter Value
Working distance 15 mm
Prove current ∼ 0.23 nA
Beam energy 20 Kv
A typical change in the probe current during the whole qBEI session was approximately
227.3± 0.7 pA (Fig. 3.22).
Figure 3.22: Example of probe current stability monitoring.
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3.5.3 Calibration of BSE signal
The atomic number dependence of the backscattered electron (BE) signal was cali-
brated prior to bone mineral quantification. Al and C with known atomic numbers
were used as reference materials to calibrate the gray level (GL) range. The calibration
of BSE signal was achieved by adjusting the contrast and brightness of the instrument
until the GL of Al and C were close to 225± 1 and 25± 1, respectively. The mean GL
values for Al and C sample were accomplished by analyzing the BE image of an Al-C
sample using the scientific image analysis program, ImageJ (Schindelin et al., 2012),
(Fig. 3.23).
Figure 3.23: BE image of Al-C standard sample for BE signal calibration. The red ellipses
indicate the representative area for mean gray level evaluation.
3.5.4 Standization of the BSE signal
Mean of GL values of Al-C were then plotted as function of atomic numbers, demon-
strated in Fig. 3.24. The GL of hydroxyapatite (HA) (255.92) with known atomic
number was determined from the linear relationship.
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Figure 3.24: Calibration of BE signal. The calibration line (atomic numbers = 0.035 × GL
+ 5.104) was determined by the GL and atomic number of C and Al. The calibration line
was then used to determine the GL of pure HA of known atomic number.
Following the calibration of BE signals, the next step was to convert the GLs into
weight percent calcium (Wt.% Ca). For this purpose, two materials, organic matrix
(osteoid) and HA were used and their Ca Wt.% were obtained from the work reported
by Roschger et al. (1998). Osteoids, having a typical average atomic number = 6, cor-
responds to 0 Wt.% Ca and HA, having a typical atomic number = 14.06, corresponds
to 39.86 Wt.% Ca. The GLs of these two materials were plotted on a Wt% Ca versus
GL figure and connected with a standardization line as shown in Fig. 3.25.
Figure 3.25: The calibration line (Ca, Wt.% = 0.035 × GLs - 4.431) of BE gray levels and
calcium content (Wt.% Ca).
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3.5.5 BE image analysis
Bone tissue imaging was undertaken once the probe current remained stable and cal-
ibration of the BE signal was complete. The BE images of each bone sample were
taken at two different magnifications. High magnification SEM (×200) images were
taken for each indented trabeculae (Fig 3.26a), resulting in a 0.47 µm/pixel resolution.
Low magnificent SEM images were taken for each bone sample at ×20 magnification,
resulting in 4.67 µm/pixel pixel resolution, as shown in Fig. 3.26b. In the BE image,
brighter regions correspond to areas consisting of a higher mineral content, while darker
regions correspond to areas of lower mineral content.
(a)
(b)
Figure 3.26: An example of the BE image taken from the indented trabeucla (a) and the
large area of the trabeuclar bone (b). White scale bar = 100 µm.
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In order to obtain the BMDD histogram, large areas of low resolution images were
segmented by threshoding. In a segmented image, the GL values smaller than the
threshold value represent white areas, while the GL values higher than this represent
dark area. As a result, the BE image was converted into a binary image. Generally,
the threshold value was chosen by constructing a histogram of pixel count versus GL
for a BE image as shown in Fig. 3.27. Two peaks were found in the histogram, with
the first peak representing the embedding medium and the soft tissue and the second
peak representing the bone tissue.
Figure 3.27: The histogram of pixel count versus gray level for a BE image of bone tissue.
It was noted that the threshold value applied on the BE image would affect the further
BE image analysis. The selection of a threshold value is vital for mineral content
analysis. An example of different thresholds applied to the BE image is illustrated
in Fig. 3.28. The BE image was converted into a binary image after application of
the threshold value. As shown in Fig. 3.28c and Fig. 3.28d, the loss of the bone tissue
information would occur if a higher threshold value is applied on the image. Conversely,
applying a smaller threshold value may include non-bone tissue into the data analysis.
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(a) Original BE image (b) Threshold = 51.5
(c) Threshold = 81.2 (d) Threshold = 102
Figure 3.28: Example of the selection of threshold for BE image. Note that change in amount
of noise (resulting in loss of details about bone tissue) when the threshold value changes from
its lower level to the higher level, shown in red circles. The BE image (a) was converted into
the binary images (b,c,d).
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The binary image of the targeted bone area was further segmented by removing small
objects, which would not be involved in qBEI analysis (Fig. 3.29).
(a) Original BE image
(b) Threshold = 81.2 (c) Removal of small objects
Figure 3.29: Results of removing small area from the binary image. (a) Original BE image
of bone tissue. (b) Binary image after thresholding. (c) Binary image after removing small
objects. Note red arrows and the circle indicate the areas where small objects need to be
removed.
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This level was determined visually by maximizing the amount of details (for bone
tissue) and minimizing noise. Fig. 3.29c illustrates the effect of nose reduction of the
binary image. The binary image was then used to isolate the bone tissue (shown in
white area) from the embedding medium and lacunae. The specific threshold level
chosen, for each BE image taken from the global bone region, was different due to
sample specific variations.
For high resolution images with small amount of bone tissue, the trabecular region
was first selected as shown in Fig. 3.30a. Automatic image segmentation was then
performed in order to isolate the bone tissue from the embedding resin, as shown in
Fig. 3.30b. The whole process was accomplished using a custom MATLAB script.
(a) (b)
Figure 3.30: (a) A region of interest (ROI) from the indented trabecula was chosen by the
white dashed line. (b) Binary image after thresholding the ROI.
3.5.6 Bone mineral density calibration(BMDD) analysis
Once the BE images were converted into binary images, the GLs of bone tissue were
analyzed to determine the GL intensities of each pixel using a custom MATLAB (Mat-
lab R2014a, Mathworks, Inc.) script. Pixel counts were calculated as a percentage of
the total pixel count and therefore expressed as a percentage of total bone area (%
bone area). A linear relationship between the GLs of the BE image and the local cal-
cium content was established previously (Fig. 3.25). This relationship was employed
to convert GLs into bone mineral content (Wt.% Ca).
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Figure 3.31: Typical BMDD histogram derived from a BE image.
A histogram of bone mineral content (Wt.% Ca) versus bone area (%) is depicted in
Fig. 3.31. A frequency distribution of the Ca concentration is known as bone min-
eral density distribution (BMDD). This method is well established, and is capable of
determining Ca concentrations with a histogram bin width of 0.17 Wt.% Ca. Three pa-
rameters, Camean, Capeak, Cawidth, were used to characterize the BMDD for statistical
analysis and were defined as:
Camean: the weighted mean Ca concentration of the bone area obtained from the
integrated area under BMDD curve in unit of (Wt.% Ca); Camean: was calculated






Capeak: the peak position of the histogram (The yellow line shown in Fig. 3.31), which
indicates the most frequently measured Ca concentration in the bone area in units of
(Wt.% Ca).
Cawidth: the full width at one-half maximum (FHWM) of the distribution (red line
shown in Fig. 3.31), describes the variation in mineralization density in units of Wt.%
Ca.
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3.5.7 Analysis of local mineral content
The local mineral content is measured by averaging the mineral content per indent lo-
cation, referred as Ca/indent. The assessment of the local mineral content was achieved
by combining information from both nanoindentation and qBEI images. The procedure
is illustrated in Fig. 3.32.
An optical image of the indented trabeculae was first taken after nanoindentation test.
As can be seen in Fig. 3.32a, the indents made on the embedding medium were easily
visualised by the reflected light microscopy of the sample surface. Using the indents
located on PMMA as reference points, the indents performed on the bone tissue were
able to be marked in the optical image, as illustrated in Fig. 3.32b. In the next step,
the qBEI image was taken of the same bone tissue at ×200 magnification (Fig. 3.32c).
Finally, the BE image was overlaid onto the original optical image and the individual
location of indent site was able to be transferred onto the BE image (see Fig. 3.32d).
The mean of the local mineral content (Wt.% Ca) of 3 × 3 µm2 square area around
a marker position was evaluated from the BE image by analysis of pixel GLs using a
custom MATLAB script. The 3× 3 µm2 square region was large enough to encompass
the indent impression ( ≈ 3 to 4 µm).
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(a) (b)
(c) (d)
Figure 3.32: Typical combination of nanoindentation and qBEI to assess local mineral content
of bone tissue. (a) Optical image of indented trabeculae. The indentation impressions were
easily identified in the embedding medium. (b) Optical image with indents marked by red
asterisks. These marks were saved and used for defining the specific regions of interest for local
mineral content analysis. (c) Original BE image of trabeculae taken after nanoindentation.
Note indentation impressions can not seen either in the embedding resin or bone tissue. (d)
Red asterisks, corresponding to the indent locations, which were subsequently transferred to
the original BE image.
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3.6 Statistical analysis
All statistical analysis was carried out using Minitab 16 statistical software (Minitab
Inc., USA). The variables of interest, namely, reduced modulus, hardness, nanoindenta-
tion work, bone tissue deformation, local mineral content and BMDD parameters were
assessed using the student t-test to compare between 1) different sample preparation
approaches in terms of dehydration time, embedding medium and cutting direction, 2)
trabecular orientations, namely longitudinal and transverse, 3) two different indenting
directions, namely axial and radial and 4) different trabecular conditions, namely nor-
mal and abnormal trabecular groups. One factor analysis of variation (ANOVA) was
applied to compare the difference of means among different Ca concentration groups.
Linear regression analysis was used to find the relationship between 1) nanoindentation
results with Ca/indent, 2) nanoindentation results with donor age, 3) BMDD parame-
ters with donor age and 4) Ca/indent with donor age. Two-side p value of < 0.05 was
considered statistically significant.
Chapter 4
Effects of sample preparation on the mechanical
properties of bovine trabecular bone
Nanoindentation has been widely used for probing the mechanical properties of bone at
the tissue level. This chapter focuses on how sample preparation affects the measured
mechanical properties of bone tissue.
Trabecular bone tissue harvested from the bovine proximal femur was sectioned in
different directions related to the principal loading direction (PLD) of the proximal
femur. The samples were then dehydrated for different times and subsequently embed-
ded in two different embedding media. Nanoindentation combined with atomic force
microscopy (AFM) was used to investigate the morphological and mechanical prop-
erties of trabeculae. The results obtained were used to compare the different sample
preparation steps. The preliminary tests on bovine proximal femur samples enabled
the appropriate testing protocol being selected for human bone tissue.
4.1 Introduction
Nanoindentation is a valuable characterization technique to probe the mechanical prop-
erties (such as elastic modulus and hardness) of materials because of its high spatial
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resolution and ability to position the indenter at the micro- or nano-metric scales
(Hengsberger et al., 2001). However, measurement of the mechanical properties of bone
tissue using nanoindentation is complicated by the need to prepare samples for analysis,
particularly in the case of trabecular bone which requires an embedding medium to pro-
vide adequate structural support due to its porous network (Ferguson & Olesiak, 2010;
Martin & Sharkey, 2001). After removing bone from in vivo physiological conditions
(hydrated and biochemically buffered), the processes of preparing samples for nanoin-
dentation could potentially alter bone tissue properties (Donnelly, 2011; Hengsberger
et al., 2001; O´hman et al., 2008). These processes include chemical and mechanical
stabilization of bone samples via fixation, dehydration and embedding.
Most of the nanoindentation work to date on trabecular bone tissue has been performed
on dehydrated and embedded specimens (Hengsberger et al., 2001; Mittra et al., 2006;
Pathak et al., 2011; Rho et al., 1999; Rho et al., 1997; Wang et al., 2006; Wolfram et al.,
2010). Ethanol dehydration is a common technique used to prepare bone samples prior
to embedding in resin. Studies conducted on human and animal cortical bone tissues
(ethanol dehydration followed by embedding) showed a significant increase (10-30%)
in the measured tissue properties (i.e. elastic modulus and hardness) when compared
with wet (no ethanol-dehydration) and embedded samples (Hengsberger et al., 2001;
Hoffler et al., 2005). Moreover, dehydration was believed to affect the viscoelasticity
of bone, in the sense that dehydrated bone exhibits less recoverable displacement after
creep (Wu et al., 2011). In trabecular bone, only one previous study examined the
effect of ethanol dehydration on tissue properties, measured using micro-indentation,
and it showed that dehydration in ethanol increased Vickers hardness measurement by
15-20% (Dall’Ara et al., 2007). Recently, attention has been paid to the effect of the
degree of dehydration (through air-drying and use of absolute ethanol) on the measured
bone properties (Pathak et al., 2011; Rho et al., 1999; Wolfram et al., 2010), Wolfram
et al. found differences of up to 30% between wet (immersed) and dry (air-dry with
42% relative humidity) protocols for indentation of vertebral trabecular bone. Despite
the fact that dehydration is known to alter bone tissue properties, indentation testing of
hydrated bone samples still remains a significant challenge. In particular for trabecular
bone, a dehydration step is necessary prior to embedding. Hence, one objective of this
study was to test the effect of the degree of dehydration (assessed as the duration of
ethanol dehydration time) on trabecular bone tissue mechanical properties.
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Currently, it is impossible to test un-embedded trabecular bone because the porous
microstructure of trabecular bone does not provide sufficient support (Meng, 2010;
Mittra et al., 2006). However, the choice of embedding medium introduces a second
factor which is the potential alteration of the composition and the physicochemical
status of bone tissue with which it is in contact (Bushby et al., 2004; Mittra et al.,
2006), thus resulting in hardening of the tissue. Epoxy resin or polymethymetacry-
late (PMMA) embedding of undecalcified bone samples is a technique widely used for
nanoindentation studies (Bushby et al., 2004; Paietta et al., 2011; Pathak et al., 2011).
Recently, polyester resin has also been used for embedding in nanoindentation studies
of biological materials (Cribb et al., 2010; Lin et al., 2010). Several studies have sug-
gested that any effect of the embedding resin on tissue properties could be negated by
indenting on bone situated away from the bone-resin boundary (Mittra et al., 2006;
Dall’Ara et al., 2007; Ferguson & Olesiak, 2010). Nevertheless, it is still required to
clarify how the embedding medium affects the bone tissue properties as measured by
nanoindentation, and this was the second objective of the study.
The measurement of anisotropy in the micro-mechanical properties of bone tissue has
focused on the cortical microstructure of osteons and interstitial lamellae (Hofmann
et al., 2006; Rho et al., 1999). Compared with the studies performed on cortical bone,
much less work exists on the anisotropy of trabecular bone tissue (Wang et al., 2006;
Wolfram et al., 2010; Wolfram et al., 2010) and so questions remain regarding the effect
of both micro-anatomical site and indentation loading direction. Existing studies (Cur-
rey, 1984; Wang et al., 2006; Wolfram et al., 2010) on vertebral trabecular bone showed
that the tissue exhibited significantly greater modulus and hardness when loaded in
the axial indentation direction compared to the transverse indentation direction (no
information on the orientation of tested trabeculae). Until now, no published studies
have investigated anisotropy in trabecular bone tissue properties extracted from the
proximal femur. Thus, the final objective of the study was to investigate the effect of
trabecular strut type (and therefore loading direction) on the mechanical properties of
bones.
In summary, nanoindentation has become a routinely used tool to study the mechanical
properties of trabecular bone tissue. However, the question remains as to how the
measured bone tissue modulus and hardness are affected by the sample preparation
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methods. This chapter investigated how investigate how key aspects of the sample
preparation process, including dehydration time, embedding medium and trabecular
orientation, affect the trabecular bone tissue extracted from bovine femoral heads as
measured by nanoindentation.
4.2 Experimental details
Bovine bone was selected for use in this study due to their compositional and mi-
crostructural similarity with the human bone. Fresh whole bovine femurs were pur-
chased from a local abattoir (Teys Australia Beenleigh). The femoral heads were
separated from each bovine femur with a hacksaw and stored at −20◦C until sample
preparation commenced. The use of bovine bone was approved by the University of
Queensland Animal Welfare Unit.
Fig. 4.1 illustrates how the bovine bone sectioned in two different ways. One bovine
proximal femoral was cut into 6 slices (5 × 5 × 2 mm3 per slice) irrespective of its
principal loading direction (PLD), shown in Fig. 4.1a. It was done by firstly cutting
a trabecular block by a hand saw and then sliced the block by Microslice 2 precision
slicing machine (Malvern Instruments, Malvern, UK). The trabecular orientation of
these bone slices is described as arbitrary in this study because the orientation of the
slice surfaces does not bear any defined relation to the trabecular fabric direction.
In contrast, the second femoral head was used for testing bone which had been specifi-
cally cut in directions with reference to the PLD of the femoral head ( Fig. 4.1b). A total
of two rectangular tissue blocks were cut perpendicular (A-A direction in Fig. 4.1b)
and parallel (B-B direction in Fig. 4.1b) to the PLD of the proximal femur.
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(a) (b)
Figure 4.1: Schematic of bone sectioning procedure. (a) Six bone slices were harvested from
the centre of the first femoral head without any reference to the PLD of the femoral head,
indicated by the hollow arrow. (b) Two trabecular samples were cut with their alignment
based on the PLD of the femoral head following the A-A and B-B cutting directions. Note
that longitudinal (solid white circle) and transverse (dashed white circle) trabeculae can be
recognized when the section was done along the PLD of the femoral head.
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All eight samples were cleaned and removed extra bone tissue and bone marrow were
removed by scraping and running water. The samples were then fixed in 70% ethanol
for two days. Each sample was dehydrated by a series of ethanol concentrations.
Table 4.1 lists the distribution of samples for different sample preparations. Six of
the eight samples remained in each ethanol concentration separately for half an hour
(0.5 h) and the other two were placed in each concentration for one hour (1 h). After
dehydration, the samples were embedded in one of two types of resin, PMMA and
polyester resin. Detailed steps of ethanol dehydration and the embedding procedures
were described in Chapter 3.2.







Arbitrary direction 1 PMMA 2
0.5 PMMA 2
0.5 Polyester resin 2
⊥ to PLD 0.5 PMMA 1
‖ to PLD 0.5 1
The resin-embedded bone surfaces were hand-polished using adhesive silicon carbide
papers of grit sizes from 600 to 1000, and then diamond lapping films of grit sizes from
15 to 1 µm. The fine polishing was completed using OP-U suspension (with a partial
size of 0.04 µm, Struers, Australia) coupled with a fine polishing cloth (MD/DP-Nap,
Struers, Australia). Samples were cleaned ultrasonically for 30 s with distilled water
after each polishing step. Surfaces of mirror-like finish were achieved, as shown in
Fig. 4.2.
4.2 Experimental details 97
Figure 4.2: The optic image of the finish polishing bone sample.
The nanoindentation procedure and data analysis used in this study is described in
Chapter 3.3. During testing, a data logger (TinyTag, Hastings Data Loggers Pty Ltd,
Australia) was placed inside the environmental chamber of the nanoindentation system
to monitor the relative humidity and temperature. The region of interest of each sample
was scanned with AFM prior to and after indentation to inspect the roughness of the
bone surface and to examine the indentation impression. The AFM imaging procedure
is also described in Chapter 3.4.
Al total of 8 bovine samples were tested. For each sample, two trabeculae were cho-
sen for nanoindentation tests. Hence, eight trabeculae were indented for studying the
effect of ethanol dehydration time, eight for investigation of the effect of embedding
medium, and four for studying the effect of trabecular orientation relative to the PLD
of the proximal femur. For the calculation of the mechanical properties of bone tis-
sue, indents that were located either (i) on or close to the resin, (ii) on a lacunae
and/or a crack in the bone tissue, or (iii) near the edge of bone tissue (within 15 µm
of the resin) were excluded. Differences between the (i) two dehydration durations (1
h versus 0.5 h) and (ii) embedding media (PMMA vs. polyester resin) with regard to
mean tissue mechanical properties and creep deformation were assessed using unpaired
t-tests. One-way analysis of variance (ANOVA) with the Tukeys significant difference
post-hoc test was performed to look for significant differences between the mechanical
properties of longitudinally, transversely and arbitrarily oriented trabeculae. A differ-
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ence was considered significant when p < 0.05. Statistical analysis was performed using
Minitab16 (Minitab Inc., State College, PA, USA).
4.3 Results
During the long period of testing time, the temperature and humidity inside the testing
chamber were kept stable at 26± 0.3◦C and 57± 0.7 %, respectively. Therefore, it was
assumed any environmental effects that could arise through changing humidity and
temperature on the nanoindentation result for each sample should be neglected. The
effect of ethanol dehydration time on measured mechanical properties of trabeculae is
presented first. This is followed by demonstrating how the embedding medium affect
the bone tissue properties. Finally, the effect of trabecular orientation with respect to
the PLD of the proximal femur is reported.
4.3.1 Effect of dehydration on Er, H and creep
Fig. 4.3 shows typical P-h curves obtained from nanoindentation tests of the trabeculae
dehydrated for 1 h and 0.5 h. The trabeculae dehydrated for the shorter period of time
(0.5 h) presented a significantly greater maximum depth of penetration during loading
than that dehydrated for the longer time (1 h). This resulted in a smaller maximum
penetration depth found in longer time dehydration sample compared to the sample
dehydrated for the shorter time.
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Figure 4.3: Typical load-displacement (P-h) curves obtained from the nanoindentation tests
on the trabeculae dehydrated for 1 h and 0.5 h.
Table 4.2 summarizes the mean values of the reduced modulus, hardness and creep
of the two samples for different dehydration times. The mean Er value for the 0.5 h
sample is 9% lower than that for the 1 h sample (p <0.05). Similar results were found
for hardness, with the mean value of H for the samples dehydrated for 0.5 h 13.5%
lower than those dehydrated for 1 h. The dehydration time also significantly affected
the creep behaviour of the trabeculae. The trabeculae dehydrated for 0.5 h exhibited
10.6% greater creep displacement than those dehydrated for 1 h (p <0.05).








Er, GPa H, GPa Creep, nm
1 PMMA Arbitrary 12.8± 2.75 0.5± 0.15 39.7± 6.70
0.5 11.6± 2.15A 0.4± 0.12A 44.4± 6.27A
ASignificantly different from trabeculae dehydrated for 1 hour.
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4.3.2 Effect of the embedding medium on Er and H
The mechanical properties of the PMMA were measured by nanoindentation, giving a
reduced modulus of 3.3± 0.32 GPa and hardness of 0.2± 0.02 GPa. For the polyester
resin, the reduced modulus was 5.5±0.43 GPa and the measured hardness of 0.3±0.02
GPa. Typical P-h curves of trabecular bone embedded in PMMA and polyester resin
are shown in Fig. 4.4. The trabeculae embedded in polyester resin demonstrated greater
resistance to deformation than for those embedded in PMMA.
Figure 4.4: Typical load-displacement (P-h) curves of the trabeculae embedded in different
media.
Table 4.3 summarises the mean values of reduced modulus and hardness of trabecular
bone supported by the two polymerised resins. Er was significantly higher (16.9%,
p < 0.05) for the trabeculae embedded in polyester resin than those embedded in
PMMA. Similarly the hardness was significantly higher (17.6%, p <0.05) for trabeculae
embedded in polyester resin than those embedded in PMMA.
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Er, GPa H, GPa
0.5 PMMA Arbitrary 11.6± 2.15 0.4± 0.12
Polyester resin 14.0± 3.38B 0.5± 0.15B
BSignificantly different from trabeculae embedded in PMMA.
4.3.3 Effect of trabecular orientation Er and H
Fig. 4.5 shows typical P-h curves obtained from bovine trabeculae cut at different
directions with respect to the PLD of the femoral head. It can be seen that the
greatest resistance to deformation (or the smallest penetration depth) occurs when
indentation was performed on longitudinal trabeculae exposed by a longitudinally cut
surface (i.e. the cutting direction was parallel to the PLD), and the least resistance
(or the deepest penetration depth) was found when indenting on transverse trabeculae
exposed by a transversely cut surface (i.e. the cutting direction was perpendicular to
the PLD). For the arbitrarily cut specimen, its penetration depth was in between those
of the longitudinally and transversely cut surfaces.
Figure 4.5: Typical load-displacement (P-h) curves of bovine trabeculae with different orien-
tations.
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The measured mechanical properties of the transverse trabeculae were significantly
lower than those of the longitudinal trabeculae, as shown in Table 4.4. Table 4.4
summarises the mean values of reduced modulus and hardness of trabeculae oriented
in different directions. Significant differences were found in the measured mechanical
properties between (i) longitudinal and transverse trabeculae and (ii) transverse and
arbitrary trabeculae. Measured mechanical properties of transverse trabeculae had
significantly lower Er (9%) and H (8%) than the longitudinal trabeculae. The ratio
of reduced moduli in the longitudinal to transverse trabeculae was found to be 1.09.
Therefore, there is anisotropy between the perpendicular and parallel cutting directions
of the trabecular bone in relation to the PLD of the femoral head.














Longitudinal∗ 11.8± 2.53 0.38± 0.09
Perpendicular
to the PLD
Transverse∗∗ 10.8± 2.03CD 0.35± 0.09CD
Arbitrary Arbitrary 11.6± 2.15B 0.43± 0.12B
∗The indentation loading is perpendicular to the PLD of the femoral head.
∗∗The indentation loading is parallel to the PLD of the femoral head.
CSignificantly different from the longitudinal trabeculae.
DSignificantly different from the trabeculae oriented arbitrarily.
AFM images taken before nanoindentation, show clearly the longitudinal samples
Fig. 4.6a have a smoother surface than the transverse samples Fig. 4.6c despite under-
going an identical polishing procedure. A comparison of line profile analysis of bone
surface prior to nanoindentation for both samples is shown in Fig. 4.6e. The depth
changes dramatically from the highest point of the bone surface to the lowest point
of sample surface observed in the transverse trabecular samples. AFM images also
show the presence of coarser grain-like microstructure in the transverse samples than
the longitudinal sample. Bone surface features such as lamellae are also observed in
both longitudinal and transverse samples. The average thickness of lamella is approx-
imately 4 µm in the longitudinal sample and 6 µm in the transverse sample. Fig. 4.6b
and Fig. 4.6d display typical AFM images of indentation impressions. A smaller in-
dent impression was made on the longitudinal sample than on the transverse sample
(Fig. 4.6f) for the same indentation load. No significant pile-up or sink-in was observed
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Figure 4.6: Comparison of AFM images and corresponding cross-section analysis between
the longitudinal and transverse trabecular bone surfaces. (a) AFM image of the longitudinal
trabecular sample taken prior to nanoindentation. Average thickness of lamellae (black dou-
ble sided arrow) is approximately 4 µm. (b) AFM image of indentation impression on the
longitudinal trabecular sample. (c) AFM image of the transverse trabecular sample taken
before nanoindentation. Average thickness of lamellae (white double sided arrow) is approxi-
mately 6 µm. (b) AFM image of indentation impression on the transverse trabecular sample.
(e) The comparison of bone surface profile along the lines in the longitudinal and transverse
samples. (f) The comparison of the residual depths obtained from both bone samples.
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4.4 Discussion
This study demonstrated that the mechanical properties of trabecular bone in the
bovine femoral head as measured by nanoindentation is affected by the sample prepa-
ration processes such as ethanol dehydration time, choice of embedding medium and
cutting direction in relation to the PLD of the femoral head.
The results indicate that the mechanical properties measured by nanoindentation tests
are sensitive to dehydration time used for the preparation of trabecular bone tissue.
As can be seen in Fig. 4.3, a longer duration of ethanol dehydration led to a decrease
in penetration depth. Table 4.2 shows that the mean values of Er and H of the bone
tissue dehydrated for 1 h were significantly higher than those dehydrated for 0.5 h. The
results are in good agreement with previous studies that also showed that dehydration
with ethanol has a significant effect on the mechanical properties of bone tissue (Bushby
et al., 2004; Rho et al., 1999; Dall’Ara et al., 2007; Lievers et al., 2010).
As can be seen in Table 4.2, the duration of dehydration also had an influence on the
viscoelastic behaviour of the bone tissue, as less creep was measured in the trabeculae
dehydrated for a longer duration. The possible came of the change in viscoelastic
behaviour is the increased cross-linking of collagen and the shrinkage of bone structure.
The ethanol molecule is about 0.17 nm in radius, which is sufficiently small to enter
the spaces between the collagen and the crystallites of the mineral apatite (about 10
nm radius) (Bushby et al., 2004; Cowin, 1999; Wenger et al., 2007). Additionally,
ethanol dehydration would cause a change in bone structure such as a decrease in the
spaces between collagen fibrils and macroscopic shrinkage of bone dimension occurs
(Lievers et al., 2010). The increase in the cross-linking of the collagen (due to ethanol
replacing water) and shrinkage of bone structure at nano scale will lead to increase the
stiffness of the composite (Bushby et al., 2004; Eltoum et al., 2001; He & Swain, 2007).
Therefore, a longer dehydration time could mean more water within bone tissue was
replaced with ethanol. The stiffer collagen and the smaller spaces between collagen
and mineral apatite increase the modulus and hardness of the bone tissue.
Bushby (2004) and Smith (2010) suggested that the effect of embedding media on the
bone tissue measured by nanoindentation could be neglected by removing the data col-
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lected from indents made near the resin-bone tissue boundary. However, significant dif-
ferences in the mechanical properties of trabecular bone embedded in the two different
resins still existed after using the same approach. Results showed clearly that trabecu-
lar bone embedded in Polyester resin had greater resistance to deformation. This was
indicated by a shallower penetration depth found in trabeculae embedded in Polyester
resin than that embedded in PMMA (seen in Fig. 4.4). This might be due to the me-
chanical properties of embedding resins and a resin-filled lacunar-canalicular porosity
below the indented surface. Pores exist in the trabecular bone, whose size ranges be-
tween 0.1 µm (lacunar-canalicular porosity) and 1 mm (inter-trabecular space) (Cowin,
1999).
During impregnation in a vacuum system, resin diffuses into the pores (i.e. inter-
trabecular space and the lacunar space), providing solid support to those trabecular
struts. The struts have a thickness of 150-200 µm and the penetration depth was about
450 nm, which is approximately 0.3% of the specimen thickness, and it is well known
that the mechanical properties of an object being measured could be affected by the
substrate when the indentation depth is greater than one tenth of the thickness of a
specimen (Fischer-Cripps, 2011a). Therefore, there is no substrate effect at the length
scale associates with the inter-trabecular space. However, the substrate effect may
occur when the indent is made in the area where a lacunar size cavity is underneath
the indent as shown in Fig. 4.7. Therefore, as the polyester resin has a greater elastic
modulus and hardness than the PMMA, the substrate effect could resulted in higher
modulus and hardness being measured from the bone samples embedded in polyester
resin than those embedded in PMMA.
The current study stands alone in having investigated the influence of cutting direction
relative to the principal loading direction of a femoral head using nanoindentation.
The study found higher reduced modulus and hardness values obtained when bone
tissues were cut parallel to the PLD of the femoral head. As would be expected, the
mean values of the mechanical properties obtained from trabeculae sectioned without
consideration of the PLD of the proximal femur (i.e. arbitrarily oriented) lay between
the values measured from longitudinal and transverse samples (see Fig. 4.5). Since the
findings support the idea that trabecular bone displays an anisotropic behaviour at the
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Figure 4.7: Schematic drawing shows the indenter is pushed into a region where a lacuna is
hidden underneath the indenter. The dimension of the lacuna is about 3 × 0.4 µm2. The
lacuna and canaliculi are filled with embedding media.
tissue level, future studies on the testing of mechanical properties of trabecular bone
tissue should take the loading direction into consideration.
The P-h curves demonstrated that the transverse trabecular sample experienced deeper
indentation depth when compared with the longitudinal trabecular sample (Fig. 4.5).
The AFM images show 1) the bone surface of the longitudinal sample is smoother
than the transverse sample and 2) the indentation impression made in longitudinal
trabecular sample is smaller than in transverse trabecular sample (shown in Fig. 4.6f).
Therefore, significantly higher reduced modulus and hardness values were found in the
longitudinal trabeculae than those measured from the transverse trabeculae.
The combination of the results from nanoindentation and AFM demonstrates the longi-
tudinal trabeculae are more resistant to the mechanical polishing and nanoindentation
loading than the transverse trabeculae. This is likely because the microstructure of the
longitudinal trabecular bone is much denser than the transverse trabecular bone. As
shown in Fig. 4.6a and Fig. 4.6c, the number of lamellae in the longitudinal trabeculae
is higher than the transverse trabeculae. During grinding, hard particles from the sand
papers and polishing films are forced against the bone surface. The less densely packed
lamellae seen in the transverse trabeculae could peel off from the bone matrix more
easily when compared to densely packed lamellae in the longitudinal trabeculae. The
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coarser grain like structure (Fig. 4.6c) may be caused by lamellae being pulled out more
readily or by the lamellae being pushed together. This leading to a rougher surface of
bone samples.
The difference in the measured mechanical properties between longitudinal and trans-
verse trabeculae in this study is smaller than those reported in vertebral trabeculae.
The measured anisotropy of vertebral trabecular bone tissue (in dry nanoindentation
testing) was found to be 14% to 18% (Wolfram et al., 2010), whereas only about an
8% difference was detected in this study. Furthermore, the ratio of elastic modulus
in longitudinal to transverse trabeculae in this study (1.09) was found to be lower
than 1.29 published by Rho et al.(1997), 1.22 by Wolfram et al. (2010) and 1.19-1.35
by Hengsberger et al. (2002). These differences in anisotropy may be attributed to
the different test protocols, anatomical site, and/or species used. Nevertheless, all the
results suggest that anisotropy is significant in trabecular bone tissue.
The overall mean value for the moduli found in this study was lower than values
reported by Wolfram et al. (2010). Wolfram and his colleagues reported a noticeable
environmental effect arising through changing humidity and temperature (2010). A
slightly higher measured humidity, 57%, was used in this study than the 42% reported
by Wolfram et al. (2010). Interestingly, the measured moduli in this study would only
would be 0.1% lower if the measured relative humidity (57%) was adjusted to 42%
using the equation reported Wolfram et al. (2010). Hence, the lower measured moduli
found in our study is unlikely to be due to environmental conditions in the testing
chamber, and more likely due to differences in indentation protocol and the type of
samples tested (i.e. human vertebrae versus bovine femoral head).
The goal of this chapter was to acknowledge the effect of sample preparations on bovine
bone tissue properties and develop the testing methods accordingly for human bone tis-
sues. The indentation direction with respect to each trabecula was only perpendicular
to the trabeculas axis at the early stage of development. However, as the preliminary
results using bovine bone demonstrated that that the indentation direction with re-
spect to the PLD of the femoral head must be considered, hence, an improved testing
method was employed for studying the human bone tissue.
108
Chapter 4. Effects of sample preparation on the mechanical properties of
bovine trabecular bone
4.5 Conclusions
The effects of sample preparation on the measured mechanical properties of femoral
head trabecular bone were systematically investigated in this work using nanoinden-
tation. The values of Er, H and creep behaviour of bovine bone trabeculae measured
using nanoindentation showed significant dependency on the duration of ethanol de-
hydration. Doubling the ethanol dehydration times (from 0.5 h to 1 h) increased the
measured mechanical properties of trabeculae, and decreased creep displacement. The
choice of embedding resin also affected the mechanical properties of the trabecular bone
tissue, with a stiffer and harder embedding medium correlating to a greater reduced
modulus and hardness measurements for the tissue. The measured properties of tra-
beculae were also shown to be contingent on the cutting direction relative to the PLD of
the femoral head. The properties measured from the longitudinal trabeculae (cutting
direction parallel to the PLD) were greater than those for transverse trabeculae. Our
results emphasize that extra care must be taken when designing sample preparation
protocols for trabecular bone tissues due to the potential effects of the testing protocol
on nanoindentation measurements, an inherently complex and anisotropic tissue with
hierarchical structure.
Chapter 5
Nanoindentation of human trabecular bone
5.1 Introduction
To date, nanoindentation of human bone tissues has heavily focused on the microstruc-
ture of cortical bones (e.g. osteon and interstitial lamellae) and some nanoindentation
has performed on vertebral trabecular bones (Wolfram et al., 2010; Wolfram et al.,
2010; Giambini et al., 2013). Previous studies showed that the mechanical properties
of cortical and trabecular bone tissue are inhomogeneous (Tjhia et al., 2012) or are site-
specific (Fan et al., 2002; Hengsberger et al., 2002; Hoffler et al., 2005; Carnelli et al.,
2013) and positions in the material. Moreover, they are dependent on the anatomic
sites. For example, the elastic modulus of trabecular bone from vertebrae is different
to that from the femoral neck (Milovanovic et al., 2012; Giambini et al., 2013), and
has anisotropic mechanical behaviour.
The anisotropy in the mechanical properties of trabecular bone tissue, so far, has been
studied on vertebra trabeculae by microindentation (Wolfram et al., 2010) and nanoin-
dentation (Wolfram et al., 2010). In both studies, they found out significantly higher
elastic modulus in the axial direction than in the transverse direction of trabeculae,
suggesting the transverse isotropy for the vertebral trabecular bone. The finding is
contrary to the cortical bone where the anisotropy is present at different level.
109
110 Chapter 5. Nanoindentation of human trabecular bone
For example, the signal osteon is anisotropic (Reisinger et al., 2011). In the literature,
few studies have investigated the anisotropy of indentation properties of femoral head
trabeculae. Therefore, it is still unclear whether the femoral head trabecular bone
tissue holds the similarly in terms of the transverse isotropy.
It is generally believed that bone is stiffer and stronger in the primary loading direction
(Wolfram et al., 2010; Wolfram et al., 2010), through yet, it is still uncertain whether
there is a similarity in the material properties of trabecular bone tissue, especially from
the proximal femur. Therefore, this chapter aimed to measure trabecular bone tissue
properties with regard to trabecular orientation. From this perspective, it would be
expected that the mechanical properties of longitudinal trabeculae would be greater
than transverse trabeculae. The second goal was to study the anisotropy of trabec-
ular bone tissue properties with respect to different loading directions. Thirdly, the
effect of pathological conditions in trabecular bone on the bone tissue properties was
investigated. Using trabeculae harvested from the proximal femur, with bone cysts ( a
model of osteoporotic bone), would allow the examination of the hypothesis proposed
by Ciarelli et al. (2000). Finally, the change in the mechanical properties of trabecular
bone as measured at the microscopic level due to age was examined.
5.2 Experimental details
In this study, six human female proximal femurs were used. Proximal femur heads
were stored at −20◦C immediately after harvest from the patients femurs. Proximal
femurs were sectioned, cleaned, fixed, dehydrated, embedded and polished according
to the protocol described in Chapter 3.2. Moreover, the sample preparation applied
on the human trabecular specimens were justified accordingly based on the findings of
Chapter 4. That is, human specimens were dehydrated in a series of ethanol solutions.
Samples were then embedded in PMMA and allowed to cure at room temperature for
1.5 weeks. The bone polishing procedure was detailed in section 3.26.
Two types of trabeculae (longitudinal and transverse) were identified based on their
location in the trabecular network. For example, longitudinal trabeculae are orientated
parallel to the principal loading direction (PLD) of the proximal femur (Fig. 5.1).
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Figure 5.1: Schematic illustration of longitudinal and transversal region of interest for nanoin-
dentation experiments. Two indentation directions, axial and radial, were identified as the
indentation performed along the PLD (grey arrow) of the proximal femur and perpendicular
to the PLD, respectively. Here, LA: longitudinal trabeuclae indented in the axial direc-
tion, LR: longitudina trabeuclae indented in the radio direction. TA: transverseal trabeuclae
indented in the axial direction; TR: transversal trabeculae indented in the radial direction.
Nanoindentation tests were performed in two directions, axial and radial. Indentations
in both axial and radial directions were conducted on longitudinal and transverse tra-
beculae. About 16 trabecular region of interest (ROI) were chosen from each donor.
Those 16 trabecular ROI were evenly divided into four groups: 1) longitudinal trabec-
ulae indented in the axial direction, 2) longitudinal trabeculae indented in the radial
direction, 3) transverse trabeculae indented in the axial direction and 4) transverse
trabeculae indented in the radial direction. For each group, approximately 80 indents
were made in each trabecular ROI.
The testing parameters, including holding time and loading and unloading rates, were
determined based on the study on bovine trabeculae, as detailed in Chapter 3.3.1. The
combination of nanoindentation and AFM was used to examine bone surface topog-
raphy and indentation impression made on bone tissues. The mechanical properties,
reduced modulus, Er, and hardness, H, of trabeculae were directly obtained from the
nanoindentation testing. The evaluation of elastic and plastic deformation information
as well as nanoindentation work (i.e. elastic and dissipated energy) was obtained by
analyzing the load-displacement, or P-h, curves from the nanoindentation tests, as de-
scribed in Chapter 3.3.4. AFM was also done on the trabecular bone tissue prior to
and after indentation. This was used to acquire sample surface information, such as
112 Chapter 5. Nanoindentation of human trabecular bone
roughness and indentation impression. The instrumentation and procedure is described
in Chapter 3.4.
5.3 Results
The results shown in this section include 1) AFM images of indentation impressions,
2) P-h curves, 3) reduced modulus, Er, and hardness, H, of the trabeculae, 4) plastic
and elastic deformation characteristics, 5) nanoindentation work and 6) the effect of
donors age on the mechanical properties of trabecular bone tissue.
5.3.1 Surface topography
Surface topography
Fig. 5.2 shows the surface topography before and after nanoindentation on longitudinal
trabeculae. The longitudinal trabeculae had a clear lamellar structure, as shown in
Fig. 5.2a, which is about 2 µm wide. Fig. 5.2b shows a typical pyramidal impression
made by a Berkovich tip for the longitudinal trabeculae. The size of the residual
impression is about 5 µm. There is no sign of microcracking around the impression.
The lamellar structure appears to be squeezed by the indentation, as indicated by the




Figure 5.2: Typical AFM images of longitudinal trabeculae taken (a) before and (b) after
nanoindentation. The lamellar structure is indicated by the distance between two white
dashed lines. The black dashed line indicates the triangular impression made by the Berkovich
tip. White circles indicate the bone material prior to and after indentation.
The cross-sectional profiles of the AFM images was also used to examine the shape of
the indentation impression. The pile-up or sink-in behaviour influence the measurement
of the contact area in indentation, resulting in an inaccurate nanoindentation result.
Fig. 5.3 shows the three cross-sectional profiles, corresponding to the three directions
indicated by the white dashed lines in Fig. 5.3b. The comparison of cross-sectional
profiles between pre- and post- indentation show that no significant pile-up or sink-in
can be observed in the longitudinal trabeculae.
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(a) (b)
(c) (d)
Figure 5.3: (a) AFM topography of the indent made on longitudinal trabeculae. The cross-
sectional profiles on (b,c,d) correspond to the three designated directions indicated by the
white dashed lines in (a), respectively. The red, blue and green arrows indicated the approx-
imate positions of the impression on the bone tissue made by the Berkovich tip.
AFM images of transverse trabeculae
The indentation impression of transverse trabeculae is shown in Fig. 5.4. Interestingly,
the lamellar structure is not as apparent in transverse trabeculae shown in Fig. 5.4a,
but it has relatively coarse grains compared to those of the longitudinal trabeculae
shown in Fig. 5.2. As shown in Fig. 5.4b, no micro cracks were observed on or around
the indented transverse trabeculae. Again, the microstructure appears to be squeezed
in the indent region, as indicated by the white circles in Fig. 5.4. Within the indention
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impression, tortuous lines are visible along the tip apex lines, as indicated by the white
arrow in Fig. 5.4b.
(a) (b)
Figure 5.4: Typical AFM images of transversal trabeculae taken (a) prior to and (b) after
nanoindentation. The black dashed line indicates the triangular impression made by the
Berkovich tip.
Fig. 5.5b, Fig. 5.5c and Fig. 5.5d show the three cross-sectional profiles through the
impression, as indicated by the white lines in Fig. 5.5a. The profiles show that no
significant pile-up and sink-in exists in the indented transverse trabeculae.
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(a) (b)
(c) (d)
Figure 5.5: (a) The AFM topography of the indent made on transverse trabeculae. The
cross-sectional profile son (b,c,d) correspond to the three designated directions indicated by
the white dashed lines in (a), respectively.
Surface topographies of longitudinal and transverse trabeculae
The AFM images of two residual impressions taken from the respective longitudinal and
transverse trabeculae are shown in Fig. 5.6. From the cross-sectional profile analysis
it was found that the indentation impression made in longitudinal trabeculae was




Figure 5.6: AFM images and cross-sectional profiles of the indents made on (a,b) longitudinal
and (c,d) transverse trabeculae indented in the axial direction. The scan size is 10 µm.
5.3.2 Nanoindentation P-h curves
Typical P-h curves obtained from the nanoindentation tests on longitudinal and trans-
verse trabeculae as shown in Fig. 5.7. It is seen that a smaller penetration depth
was obtained when indentation was performed on longitudinal trabeculae than that on
transverse trabeculae, indicating that the longitudinal trabeculae has a greater resis-
tance to deformation.
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Figure 5.7: Typical nanoindentation P-h curves for longitudinal and transverse trabeculae.
Fig. 5.8 shows the P-h curves of the longitudinal and transverse trabeculae obtained
from the indentations in both the axial and radial direction. For the longitudinal tra-
beculae, the penetration depth was deeper in the axial direction than in the radial
direction (Fig. 5.8a). Conversely, the transverse trabeculae exhibited a greater resis-
tance to deformation (i.e. smaller penetration depth) in the axial direction than in the
radial direction (Fig. 5.8b). Interestingly, the unloading curves in both axial and ra-
dial directions exhibit similar recovery patterns (or recovery ability). A smaller residual




Figure 5.8: (a) The P-h curves of longitudinal trabeculae indented in the axial and radial
directions. (b) The P-h curves of transverse trabeculae indented in the axial and radial
directions.
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5.3.3 Mechanical properties of trabeculae
The reduced modulus, Er, and hardness, H, were determined by use of the Oliver-Pharr
method described in Chapter 3.3. Overall, significant differences were found in the
measured Er and H between the longitudinal and transverse trabeculae. Longitudinal
trabeculae had Er values approximately 3% higher than transverse trabeculae (p <
0.05), as shown in Fig. 5.9a. Similar result was found in hardness measurement, and
longitudinal trabeculae were about 4% harder than transverse trabeculae (p < 0.05),
as shown in Fig. 5.9b.
The comparison of the reduced moduli between longitudinal and transvse trabeculae
performed at different indent directions is shown in Fig. 5.10a. With respect to the
trabecular types, a significant difference was found in the axial direction, with the Er
value of longitudinal trabeculae 7% higher. No difference in Er was found between lon-
gitudinal and transverse trabeculae when indented in the radial direction (p = 0.88).
Significant differences were found between axial and radial directions for both longitu-
dinal and transverse trabeculae. The mean Er of longitudinal trabeculae in the axial
direction was 10% higher than that in the radial direction (p < 0.05). The mean Er
of transverse trabeculae in the axial direction was 2% higher than that in the radial
direction (p = 0.028).
Significant differences were also found in hardness between the axial and radial direction
(Fig. 5.10b). Longitudinal trabeculae had a 5% higher mean of H in the radial direction
than in the axial direction. However, the hardness of transverse trabeculae showed a
reverse trend i.e. H in the radial direction is higher (5%). No difference in H was found
between longitudinal and transverse trabeculae in the axial direction (p = 0.361). In
the radial direction, longitudinal trabeculae had a higher hardness than transverse




Figure 5.9: (a) Means of Er for longitudinal and transverse trabeculae, (b) means of H for
longitudinal and transverse trabeculae. The error bars denote ± standard deviations, and
the asterisk marks significance to p < 0.05.
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(a)
(b)
Figure 5.10: (a) Means of Er for longitudinal and transverse trabeculae in different in-
dentation directions.(b) Means of H for longitudinal and transverse trabeculae in different
indentation directions. The error bars denote ± standard deviations. The asterisk marks
significance to p < 0.05.
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5.3.4 Deformation characteristics
The elastic (he) and plastic (hp) deformations, can be directly measured from the
shape of the P-h curves. The values of he and hp for longitudinal and transverse
trabeculae are shown in Fig. 5.11a. The means of he and hp of transverse trabeculae
are significantly higher than the respective values of longitudinal trabeculae (p = 0.01,
p < 0.05). Therefore, it is expected that the overall deformation value (i.e. he + hp)
was significantly higher in transverse trabeculae than in longitudinal trabeculae (p <
0.05).
The total deformation values, including elastic and plastic, of longitudinal and trans-
verse trabeculae measured from the axial and radial directions is shown in Fig. 5.11b.
Both in the axial and radial direction, a greater total deformation was produced in
transverse trabeculae than in longitudinal trabeculae. Overall, the indentation-induced
deformation was significantly higher in transverse trabeculae when indented in the ra-
dial direction than that in the axial direction or longitudinal trabeculae indented in
axial and radial directions.
The elastic deformation appeared to depend significantly on not only trabecular orien-
tation but also indentation direction. For both longitudinal and transverse trabeculae,
a significant higher elastic deformation was found in the radial direction than the axial
direction. In the axial direction, transverse trabeculae exhibited a significantly higher
elastic deformation than longitudinal trabeculae. In the radial direction, longitudinal
trabeculae showed a significant higher he than transverse trabeculae.
Similar to the elastic deformation, the plastic deformation also depends significantly on
both trabecular orientation and indentation direction. Longitudinal trabecular shows
a higher hp in the axial direction than in the radial direction (p < 0.05). In contrast,
the values of hp found in transverse trabeculae is higher in radial direction than the
axial direction. The comparison of hp between two types of trabecular orientation,
showed that transverse trabeculae have greater plastic deformation resistance in the
axial direction then longitudinal trabeculae. However, transverse trabeculae shows a
lower resistance to plastic deformation when indented in the radial direction. This leads
to significantly higher hp values in transverse trabeculae than longitudinal trabeculae.
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Figure 5.11: (a) The means of elastic, he, and plastic, hp, deformation for longitudinal and
transverse trabeculae, and (b) means of he and hp for two types of trabeculae indented in
the axial and radial directions.
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5.3.5 Nanoindentation work
The elastic and dissipated energies calculated from the P-h curves of the nanoindenta-
tion tests performed on longitudinal and transverse trabeculae are shown in Fig. 5.12.
Both elastic and dissipated energies are significantly affected by the trabecular types.
As shown in Fig. 5.12, the elastic energy, UE, of transverse trabeculae was slightly
higher (0.1%) than longitudinal trabeculae. The difference was found to be significant
(p < 0.05). A similar result was found in the dissipated energy, where UP of transverse
trabeculae was 3% higher than longitudinal trabeculae (Fig. 5.12b) (p < 0.05).
The elastic energies of the indentations made on longitudinal trabeculae are signif-
icantly different (p < 0.05) between the axial and radial directions, as shown in
Fig. 5.13a. The indentation on longitudinal trabeculae in the radial direction has
a greater UE value than that in the axial direction. However, no significant difference
in UE was found between the axial and radial directions for transverse trabeculae. UE
values of transverse trabeculae were found to be significantly higher than longitudinal
trabeculae (p < 0.05). This was found in both the axial and radial directions.
The dissipated energy shows a significant difference between 1) longitudinal and trans-
verse trabeculae and 2) axial and radial directions (Fig. 5.13b). Longitudinal trabeculae
indented in the axial direction had 4% higher dissipated energy than the radial direc-
tion. In contrast, transverse trabeculae indented in the radial direction had 4% higher
energy than in the axial direction. An 11% higher UP value was found in longitudinal
trabeculae than that in transverse trabeculae (p = 0.015), while a smaller UP value
(4%) was found in longitudinal trabeculae than transverse trabeculae, when indented
in the radial direction (p < 0.05).
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Figure 5.13: (a) Elastic and (b) dissipated indentation energies for longitudinal and transverse
trabeculae indented in the axial and radial directions.
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In this study, the ratio of the dissipated energy to total energy was used to normalize
the energy expenditure of each test. The values are also denoted the plasticity index
(ψ) to characterize the plasticity of the tested material. The ratio ranges from 0 for
an ideally elastic material to 1 for an ideally plastic material (no energy is returned).
Fig. 5.14a illustrates the plasticity index plot as a function of the contact depth (hc)
for longitudinal and transverse trabeculae. Longitudinal and transverse trabeculae
presented a similar plasticity index of approximately 0.76, while longitudinal trabeculae
produced a slightly lower hc than transverse trabeculae. This is a reflection of the lower
hardness value in transverse trabeculae compared to longitudinal trabeculae.
As comparison of the results obtained for the plasticity index versus contact depth for
both types of trabeculae indented in the axial and the radial directions is shown in
Fig. 5.14b. The result shows longitudinal trabeculae being indented in the axial direc-
tion presented a significantly higher ψ and hc than in the radial direction (Fig. 5.14b).
A similar trend was found for transverse trabeculae. Higher ψ and hc values were gen-
erated when indented in the axial direction than the respective values obtained from
the indentation in the radial direction. Longitudinal trabeculae also showed signifi-
cantly higher hc in the axial direction than in the radial direction, so did transverse
trabeculae. In terms of trabecular types, higher ψ and lower hc values were found
in longitudinal trabeculae compared with transverse trabeculae. A reverse trend was





Figure 5.14: The mean values of plasticity, ψ, were plotted against of contact depth. (a) The
comparison between longitudinal and transverse trabeculae. (b) The comparison between
longitudinal and transverse trabeculae indented in the axial (A) and radial (R) direction,
respectively.
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5.3.6 Effect of age
Fig. 5.15 shows the effect of the donor age on the mechanical properties of the longi-
tudinal and transverse trabeculae bone. As shown in Fig. 5.15a, Er decreased slightly
with an increase in donor age for both longitudinal and transverse trabeculae. A sim-
ilar trend was found in hardness, as shown in Fig. 5.15b. The greatest value of Er
for both types of trabeculae was from the youngest donor, while the lowest data were
from the 65 year-old donor. Nevertheless, the correlation of Er and H with age is quite
weak. It should also be noted that the sample number for such a study is small due
to the difficulty in the collection of bones from different age groups. Future studies
should be carried out based on a reasonably large sample space.
5.3.7 Effect of bone cyst
Subchondral cysts of the femoral head are common in osteoarthritic hips and they
have has been implicated in pathological scenarios due to the trabecular micro fracture
(Ohtani & Azuma, 1984). Therefore, all the data obtained from this study were classi-
fied into two groups based on the presence or absence of subchondral bone cysts. The
property data collected from the donors of 67, 75, 77 and 86 years old were identified
as an abnormal trabecular group, as the clinic CT images demonstrated the presence
of the subchonaral bone cysts. In contrast, the data collected from the 52 and 65 year-
old donors were identified as a normal trabecular group, because the clinic CT images
showed a fair good condition of the trabecular structure.
As shown in Fig. 5.16a, the means of Er of the bones in the normal trabecular group
were significantly lower than those in the abnormal trabecular group for both longi-
tudinal and transverse trabeculae. There exists significant difference in Er between
longitudinal and transverse trabeculae for both the normal and abnormal trabecular
groups. Also the means of Er were higher in longitudinal trabeculae than in trans-
verse trabeculae for both normal and abnormal trabecular groups. Similar results were
found in the hardness measurements, as shown in Fig. 5.16b. Overall, the abnormal




Figure 5.15: The means of (a) Er and (b) H obtained from longitudinal and transverse
trabeculae were plotted as function of donor age.
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Figure 5.16: Comparison of the means of (a) Er and H (b) of longitudinal and transverse
trabeculae between the normal and abnormal trabecular groups. The error bars denote ±
standard deviations. The asterisk marks significance to p < 0.05.
Fig. 5.17 shows the comparison of indentation deformation values between the normal
and abnormal groups, where significant differences were found between the two tra-
becular groups as well. This is because the bones in the normal trabecular group had
greater elastic and plastic deformation than the abnormal group.
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Figure 5.17: The means of elastic, he, and plastic, hp, deformation of longitudinal and trans-
verse trabeculae in the normal and abnormal trabecular groups.
The corresponding elastic and dissipated energies were also calculated and are shown
in Fig. 5.18. A significantly higher UE values was found in the normal trabeculae than
in the abnormal trabeculae (Fig. 5.18a). The difference of UE between longitudinal and
transverse trabeculae was not found in the normal trabecular group, but was found in
the abnormal trabecular group. In Fig. 5.18b, no significant difference was found in
the dissipated energy between normal and abnormal longitudinal trabeculae, however,
the normal transverse trabeculae had a significant higher UP than the abnormal bones.
The comparison between longitudinal and transverse trabeculae showed no significant
difference in the abnormal group. However, in the normal group longitudinal trabeculae
had a higher UP in than transverse trabeculae.
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Figure 5.18: Comparison of the means of (a) UE and (b) UP of longitudinal and transverse
trabeculae between the normal and abnormal trabecular groups. The error bars denote ±
standard deviations. The asterisk marks significance to p < 0.05.
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5.4 Discussion
Nanoindentation was used to measure the mechanical properties of trabeculae har-
vested from the proximal femur. However, the mechanical properties obtained from
bone tissue had relatively large standard deviations, which is undoubtedly partially
reflect the inhomogeneity of natural bone tissue. Other reasons that would attribute
to the experimental artifacts include the roughness of the sample surface and the pile-
up or sink-in being generated by indentation (Fischer-Cripps, 2011a; Oliver & Pharr,
2004). Therefore, AFM images used in this study mainly aimed at examining the mor-
phology of the polished bone surface and analyzing the indentation impressions in this
study. As shown in Fig. 5.2 and Fig. 5.4, no significant pile-up or sink-in or micro crack
was observed in both longitudinal and transverse trabeculae and clear pyramidal im-
pressions were present. Hence, the reduced modulus and hardness values of trabeculae
presented in this study were reliable and no correction was needed (Oliver & Pharr,
2004).
Surface roughness of the specimens could also significantly affect the testing results
and worsen the reliability of the achieved results (Oliver & Pharr, 2004; Donnelly
et al., 2006). One previous study reported that if the ratio of indentation depth to
surface roughness is below 3:1, the surface roughness could affect the indentation result
significantly (Donnelly et al., 2006). In this study, the average surface roughness of the
polished trabecular bone samples ranged from 80 nm to 92 nm over a 10 × 10 µ m2
area. The ratio of indentation depth to surface roughness was about 5:1. Therefore,
the effect of surface roughness on the measured mechanical properties of bone tissue
was not considered.
Tip convolution artefact is one of the most important errors sources in AFM imaging
(Raposo et al., 2007; Lin & Xu, 2011). When an AFM tip has the same or larger size
than the sample surface feature, the tip is unable to generate accurate surface profiles.
In the current work, the effect of the tip convolution on the depth and the shape of
the residual impression profile was neglected. This is because the tip radius (below
10 nm) used in the work was much smaller than the interested feature within bone
matrix. For example, AFM measurements showed the average width of a lamella in
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trabeculae was about 5-7 µm, which was similar with the values reported by Cooper et
al.(1966), Hoffler et al., (2005), Ciarelli et al. (2009) and Burr and Akkus (2013). The
grain feature sizes in the packed mineral and collagen matrix were also in agreement
with those reported in the previous studies (Xu et al., 2003; Milovanovic et al., 2013).
Moreover, the residual depth of an indent calculated via the AFM image was similar to
that calculated from Oliver & Pharr method. As a result, the effect of the convolution
errors could be neglected.
Table 5.1 summarizes the results obtained from the previous studies of the mechanical
properties measured on human or animal trabeculae bone tissues by nanoindentation.
In this study, the overall means of Er of human trabeculae regardless of trabecular
orientation was 16.5 ± 3.79 GPa, and H was 0.5 ± 0.16 GPa. These two mean values
are in reasonably good agreement with respective values obtained from the nanoin-
dentation studies, as presented in Table 5.1. The difference in the nanoindentation
results between the previous studies and this study may be attributed to the difference
in testing conditions, including testing protocol, testing environment (e.g. moisture),
and testing conditions, as well as anatomic sites. As reported by Bushby et al. (2004)
dehydration in ethanol can increase the nanoindentation modulus of bone by 15% -
20%. In this context, our property results were higher than work published by Zysset
et al. (1999), Turner et al. (1999), Hoffler et al. (2000) and Hengsberger et. al. (2002)
with an average Er of femoral neck trabeculae of 6.9 ± 4.3 GPa to 13.75 ± 1.67 GPa,
and H ranged from 0.23 ± 0.15 GPa to 0.49 ± 0.04 GPa. Considering both previous
studies and this work were undertaken in dry conditions, the main reason for a higher
mechanical properties values found in this work might be due to those tests being
carried out on trabecular bone tissue without alcohol fixation or ethanol dehydration,
which were utilized in sample preparation for this study.
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Table 5.1: The mechanical properties, Er and H, for various human and animal trabecular
bones measured by nanoindentation.
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A drawback of applying alcohol fixation or ethanol dehydration on bone tissue prepa-
ration is that it could increase the cross-linking of collagen, resulting in alteration in
bone tissue properties (Martin & Sharkey, 2001; Ferguson & Olesiak, 2010). Apart
from alcohol fixation and ethanol dehydration, it has been found that air-drying of
bone tissue before nanoindentation testing has a greater influence on the bone tissue
properties. Higher values of Er and H, up to 40% and 50%, were reported by Hengs-
berger et al. (2001; 2002) when compared with the present work. It should be noted
that bone specimens used in those studies were not dehydrated in ethanol solutions
but the specimens were dried at 50◦C for 24 hours prior to nanoindentation.
The air-drying procedure applied to bone specimens before nanoindentation was de-
signed to remove the water content as suggested by Hengsberger et al. (2002). However,
approximately a 20% decrease in the indentation modulus within the next 24 hour was
observed, suggesting that the water content might have been re-introduced into the
bone samples if the tests were performed under the normal humidity conditions of the
laboratory. A question arises is if the air-drying procedure is necessary to be performed
before nanoindentation. The mechanical properties of trabecular bone tissue also de-
pend on the anatomic sites. Under similar sample preparation procedure and testing
conditions, the overall trabecular bone tissue properties reported in the current study
are similar with those done in vertebrae (Rho et al., 1997; Rho et al., 1999; Rho, 1999),
but higher than those done in iliac crests (Tjhia et al., 2012) and the intertrochanteric
region in the proximal femur (Norman et al., 2008), and lower than in the femoral neck
(Franzoso & Zysset, 2009).
This study demonstrated, for the first time, the effect of trabecular orientation on the
mechanical properties of bone tissue in the proximal femurs. One major finding is that
the mechanical behaviour of trabeculae in the proximal femur depend significantly on
the orientation of the tested trabeculae. Both Er and H values of longitudinal tra-
beculae are higher than transverse trabeculae. Moreover, longitudinal trabeculae have
a great resistance to the plastic deformation and less elastic recovery than transverse
trabeculae, resulting in a smaller penetration depth of the indenter and less dissi-
pated energy in longitudinal trabeculae compared to transverse trabeculae. The AFM
examination of indentation impressions supported the findings, i.e. smaller and shal-
lower indentation impression was observed in longitudinal trabeculae compared with
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transverse trabeculae. The results are in line with the work conducted on vertebral
trabeculae (Wolfram et al., 2010; Wolfram et al., 2010), which showed that trabeculae
oriented along the primary loading direction was stiffer and harder than those oriented
normal to the primary loading direction.
The results of this study reiterate that the mechanical behaviour of trabecular bone
at the microscopic scale reflects its function as a load-bearing structure, as it is the
strongest and stiffest in the primary loading direction (Thompson, 1992; Morgan, 2008).
Furthermore, trabecular bone tissue has been observed to orient itself in the direction of
the forces applied to the bone (Wolff’s law) (Thompson, 1992; Villarrage & Ford, 2001;
Le Corroller et al., 2013). Hence, the results of this study may imply that there might
be a law similar to Wolff’s law that govern mechanical behaviour of trabecular bone
tissue. Under identical loading conditions, transverse trabeculae have the capability
to absorb more energy compared to longitudinal trabeculae. Transverse trabeculae
would absorb even more energy if the applied force on the bone tissue is increased
further, resulting in the initiation of micro-damage or micro-cracking. This could be
explain why the deterioration of the trabecular pattern due to osteoporosis initiates in
transverse trabeculae.
This study was interested in the difference between normal and abnormal trabecular
bone tissues. Comparisons between two groups found that the indentation modulus
and hardness were less in the normal group than in the abnormal bone for longitudi-
nal and transverse trabeculae. The significant difference in the mechanical properties
between longitudinal and transverse trabeculae remained for both normal and abnor-
mal trabecular groups. The results also demonstrated that the difference in the bone
tissue properties between trabecular types is more moderated in the abnormal tra-
becular group compared to the normal trabecular group. For example, the difference
in Er is 7% in the normal trabecular group, where only 2% in the abnormal group.
The phenomenon is more profound in the hardness measurement, where the difference
found in the normal group is ten times more than the abnormal group. The stiffer and
harder abnormal trabecular group also demonstrated a greater resistance to plastic de-
formation and the bone material elastically recovered less during unloading compared
with the normal trabecular group. As a result, abnormal trabecular bone dissipate less
energy. This finding is consistent with work conducted on vertebral trabecular bone
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(Tjhia et al., 2012), but inconsistent with the finding from human femoral neck cortical
bone (Fratzl-Zelman et al., 2009) and proximal femur trabeculae from sheep (Brennan
et al., 2009).
Fratzl-Zelman et al. (2009) reported that no significant difference in indentation mod-
ulus and hardness between osteoporosis fracture cases and non-fractured cases. In the
work by Brennan et al. (2009), they found that ovariectomised sheep showed a smaller
indentation modulus than the control group. It is suggested that the changes in bone
tissue properties associated with osteoporosis may be depended on the anatomic site,
microstructure or tested samples. Ciarelli et al. (2000) reported that fracture proxi-
mal femurs had a significantly more anisotropic structure (oriented) than non-fracture
specimens, with proportionately fewer transverse trabeculae in fracture specimens, sug-
gesting that fracture and non-fracutre group have different bone tissue properties. This
studying confirms their speculation. That is, abnormal trabeculae (fracutre) have in-
creased bone tissue properties than normal bone. Moreover, a relative lower variation
in Er and H between longitudinal and transverse trabeculae was found in the abnormal
trabecular group than with the normal group. This indicates that the abnormal group
is less heterogeneous in bone tissue properties. As suggested by others, less hetero-
geneous mechanical properties of bone tissue is likely to disadvantage the mechanical
integrity of bone tissue by preventing propagation of cracks (Tjhia et al., 2012; Gupta
et al., 2006). This seems to be the case because the appearance of bone cysts is im-
plicated in pathological scenarios due to trabecular microfracture (Ohtani & Azuma,
1984).
Another main finding in this study is that the mechanical properties of both longitu-
dinal and transverse trabeculae are anisotropic. For both longitudinal and transverse
trabeculae, the axial direction was found to have superior Er than the radial direction.
However, the anisotropic hardness properties values derived from both types of tra-
beculae were different: H of longitudinal trabeculae is greater in the radial direction
than in the axial direction, whereas H of transverse trabeculae is greater in the axial
direction than in the radial direction. In general, longitudinal trabeculae appears stiffer
in the axial direction and harder in the radial direction. This is likely allow the bone
tissue to recover elastically and have a great resistance to plastic deformation in the
radial direction. On the other hand, transverse trabeculae are stiffer and harder in the
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axial direction than in the radial direction. This may be attributed to transverse tra-
beculae responding to the elastic and plastic deformation more in the radial direction
compared to in the axial direction. Overall, the anisotropic elastic modulus of trabec-
ulae in this study can be summarized by the following relationship: Longitudinalaxial
> Transverseaxial > Transverseradial > Longitudinalradial. For the hardness, the
relationship is followed as Longitudinalradial > Transverseaxial > Transverseradial >
Longitudinalaxial. The anisotropy in the mechanical properties of trabeculae presented
in the study was consistent with the work published by Rho et al. (1999), Wang et
al. (2001) and Wolfram et al. (2010; 2010). They suggested that vertebral trabeculae
exhibited significantly higher indentation modulus in the axial direction than the radial
direction. It should be noted that previous studies were conducted on the vertebral
trabeculae regardless the structural anisotropy in their measurement. For example,
they did not specify the orientation of the trabeculae being tested, even thought the
vertebral body is composed of mostly vertical and horizontal trabeculae. Neverthe-
less, the results do not diminish the discrepancy observed in the present study on the
anisotropy of indentation modulus and hardness in human proximal femur.
A possible explanation of the anisotropy in the mechanical properties focused in this
study might be due to the applied forces on longitudinal and transverse trabeculae
are different in vivo. For example, longitudinal trabeculae are primarily subjected to
compressive stress, whereas transverse trabeculae are subjected to tensile stress. In
this context, longitudinal trabeculae would have greater resistance in the axial loading
direction (also the PLD of the proximal femur) compared to transverse trabeculae.
In the radial direction (also the direction of tensile stress), transverse trabeculae are
expected to be stiffer and stronger than longitudinal trabeculae. Another reason for the
anisotropic mechanical properties of trabecular bone tissue might be the structure of
the bone tissue in the two directions being tested. One study on the vertebral trabecular
bone showed that collagen fibrils and mineral crystals were oriented predominantly in
the direction of the trabeculae, and therefore to principal stress directions (Rinnerthaler
et al., 1999). It might be also the case in the proximal femur where both collagen
fibril and mineral crystals are approximately straight or parallel to the long axial of
trabeculae. As such, collagen and mineral inside longitudinal trabeculae are aligned
along the PLD of the proximal femur, which is also the axial indenting direction. The
higher energy dissipation in the axial direction observed in longitudinal trabeculae
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could have been due to the higher amount of slippage between collagen fibrils, which
was suggested by Wolfram et al. (Wolfram et al., 2010). In contrast, fibrils would be
loaded in bending and the amount of slippage could have been lower when longitudinal
trabeculae were being indented in the radial direction. For transverse trabeculae, the
collagen and mineral would be arranged normal to the PLD of the proximal femur
(also the direction of tensile stress), which is also the radial direction. As a result,
higher energy dissipation was observed when transverse trabeculae were indented in
the radial direction compared to the axial direction. Since the mechanical properties of
bone tissue are influenced by collagen orientation (Ruppel et al., 2008), the organization
of the bone at the lowest level of hierarchy plays a significant role in the mechanical
behaviour of bone tissue.
The previous studies on the linear regression analysis revealed an age related changes
to the mechanical properties of trabecular bone obtained from the femoral regions and
cortical bone measured at macro (Mather, 1968; Indrekvam et al., 1991; McCalden
et al., 1993) and micro scales (Donnelly et al., 2009; Milovanovic et al., 2012; Boskey,
2013). Hence, bone mechanical properties were commonly assumed to have a linear
relationship with age. However, the results shown in the current study (see Fig. 5.15)
indicated that both reduced modulus and hardness of bone tissue were independent of
age. This finding is in agreement with the nanoindentation studies reported by Hoffler
et al. (2000) and Wolfram et al. (2010). The contradicting data might be due to the
different testing protocols used. For example, the maximum load used in this study
was of 2 mN, where 0.12 mN was used by Milovanovic and his colleagues (Milovanovic
et al., 2012).
The weak correlation with age may indicate that an alteration of macroscopic mechan-
ical competence of the proximal femur is associated with bone fragility (McCalden
et al., 1993; Homminga et al., 2002) and is due to structural changes such as an decline
in trabecular thickness and number (Cui et al., 2008; Djuric´ et al., 2012) and is not
accompanied by the decreasing mechanical properties of trabecular bone at the micro-
level. Nevertheless, it has been reported that the mechanical properties of bone tissue
as measured by nanoindentation correlate to bone tissue age, which is associated with
the degree of mineralization and bone remodelling. This, however, indicates that at
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the tissue level the variations of the mechanical properties of trabecular bone might be
caused by the mineral content rather than the actual age of the donor.
5.5 Conclusions
The following conclusions can be drawn from the results presented in this chapter:
(1) Longitudinal trabeculae are stiffer and harder than transverse trabeculae;
(2) Altered mechanical properties of trabeculae are associated with the existence of
bone cysts found in the proximal femurs; with greater Er and H values found in the
abnormal trabeculae (proximal femur with bone cysts) than the normal trabeculae
(proxima femur without). The less heterogeneous mechanical properties of bone tissue
found in the abnormal trabeculae might disadvantage the mechanical integrity of bone
tissue in terms of preventing crack propagation.
(3) The mechanical properties of both longitudinal and transverse trabeculae were
significantly dependant on the loading direction. A higher indentation modulus was
found in the axial direction compared to the radial direction.
(4) The weak correlation between the mechanical properties of trabeculae and the donor
age was weak, suggesting the variation in the mechanical properties of bone tissue of




qBEI of human trabecular bone
6.1 Introduction
Quantitative backscattered electron imaging (qBEI), using scanning electron microscopy
(SEM), is utilized to provide bone compositional information and the visualization of
bone tissue as it relates to clinical problems or treatment strategies for metabolic bone
diseases (Roschger et al., 2001; Sutton-Smith et al., 2008; Roschger et al., 2008; Car-
pentier et al., 2012; Busse et al., 2009). The bone mineralization density distribution
(BMDD), produced by qBEI, enables investigation and comparison of mineralization
within bone samples at the microscopic scale across different anatomical site and in-
dividuals, and captures heterogeneity. It generally provides the mineral distribution
within the trabeculae and the differences in degree of mineralization of bone matrix
as well as indirectly providing information about bone remodelling history (Ruffoni
et al., 2007). The theory of this method is based on the intensity of the backscat-
tered electrons being proportional to the weight percentage of the mineral (calcium)
in bone tissue (Roschger et al., 1998). This method uses digital (pixel) images ac-
quired from the bone samples reflecting local Ca content within specified bone areas.
From these images, gray-level (GL) histograms are generated, indicating the percent-
age of mineralized bone area corresponding to the number of pixels within a certain
GL. A linear relationship between GLs of a BE image and the local calcium content
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was established previously (Roschger et al., 1998). This relationship was used to con-
vert GL histograms into weight percentage of calcium (Ca, Wt.%). Three parameters
can be extracted from the Ca Wt.% histogram. These three BMDD parameters are ,
the average Ca content, Camean; the peak of BMDD curve, Capeak; the full-width at
half-maximum of the BMDD peak, Cawidth. These parameters are a measure of the
heterogeneity of mineralization.
Remodelled packets in trabecular bone are the basic structural units (Roschger et al.,
2008). Through the previous qBEI studies it is understood that the bone packet is not
mineralized uniformly (Ruffoni et al., 2007; Busse et al., 2009; Ciarelli et al., 2009).
Each bone packet exhibits a discrete remodelling event and is separated from each other
by a cement line (Ciarelli et al., 2009). Bone packets containing different degrees of GL
reflect the process of bone resorption and formation that act to repair microdamage,
and adapt the existing microstructure in response to external mechanical loads (Smith
et al., 2010). BMDD of trabecular bone packets therefore is an important determinant
of bone strength (Ruffoni et al., 2007).
The mechanical properties of longitudinal trabeculae differ significantly from transverse
trabeculae, as measured by nanoindentation. An increase in anisotropy of the femoral
head trabecular bone (due to osteoporosis) in a study by Brunet-Imbault et al. (2005)
indicated that trabecular bone resorption occurred heterogeneously with longitudinal
trabeculae preserved while and transverse trabeculae thinned. Bone remodelling of
longitudinal trabeculae might therefore differ from that of transverse trabeculae, with
BMDD of longitudinal and transverse trabeculae differing from each other. Such het-
erogeneity would be expected to respond differently to the loading environment. To
date, the variation in bone tissue mineralization associated with the trabecular orien-
tation has to be investigated by use of qBEI in the femoral head. Therefore, this study
has analyzed BMDD in both longitudinal and transverse trabeculae. Additionally,
age-related changes in BMDD have been reported to be associated with bone fragility
(Burr, 2002; Ruppel et al., 2008). So the relationship between BMDD from the femoral
head trabeculae with donor age has also been investigated in this study. The difference
in BMDD between a fracture bone group and a control group was observed in the
intertrochanteric region of proximal femurs by Sutton-Smith et al. (2008) and Carpen-
tier et al. (2012), and vertebral trabecular bone by Busse et al. (2009) and Carpentier
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et al. (2012). In terms of pathological indicators, the formation of bone cysts in the
femoral head have been associated with trabecular microfracture (Ohtani & Azuma,
1984). So in addition, this chapter will investigate whether trabecular microfracture,
indicated by the absence or presence of bone cysts, appears to influence BMDD results.
6.2 Experimental details
Samples of resin embedded and polished bone (as described in previous chapter), were
carbon-coated to eliminate electron beam charging, in order to perform quantitative
backscattered electron imaging (qBEI). The experimental setup, including calibration
of BSE signal and standization of the BSE signal, for qBEI was detailed in section
3.5.2 to section 3.5.4. Prior to gathering the data for qBEI on each bone specimen, the
stability of the SEM probe current during qBEI was investigated, as was the likelihood
that the electron beam could damage the bone specimens.
Two different sets of images were taken for each bone sample. Low magnification
SEM images (×20 magnification with a pixel resolution 4.76 µm/pixel) were taken
to provide information from large areas at low resolution. Higher magnification SEM
images (×200 with a pixel resolution 0.47 µm/pixel) were taken for smaller areas (i.e.
indented trabeculae) to provide fine-scale analysis. From the gray scale (GL) images
obtained, GL frequency histograms were derived and converted into BMDD. The pro-
cess for converting GL image to BMDD curves and the calculation of three parameters
used in analysis were described in section 3.5.5 and section 3.5.6. The BMDD graphs
(curves) display the frequency of pixels corresponding to specific calcium content oc-
curring throughout the bone samples. BMDD data were then evaluated for comparison
between different trabecular types (longitudinal versus transverse) and different pathol-
ogy conditions (normal versus abnormal). Statistical analysis was used to determine
significance of differences between means (t-tests, after assessing normality of data
sets) and to study the relationship between mineral content and sample characteristics
(regression analysis).
Comparisons were made to test the significant difference between 1) different trabecular
type (longitudinal and transverse) and 2) different pathological conditions of trabeculae
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(normal and abnormal). For the latter, data were divided into two groups based on the
absence or presence of bone cysts. Those data collected from 67, 75, 77 and 86 year-old
donors, whose clinic CT images revealed the presence of subchondral bone cysts, were
identified as the abnormal trabecular group. In contrast, data collected from the
52 and 65 year-old donors, whose clinic CT images showed a fair condition of trabecular
structure, were identified as the normal trabeuclar group.
6.2.1 The stability of probe current
To accurately quantify bone mineral density, the stability of the SEM equipment, in
particular the probe current, is critical. The stability of the probe current was assessed
for qBEI acquisition. Monitoring was performed three times (on different days) and
a representative example of probe current monitoring is illustrated in Fig. 6.1. It was
found that the probe current reduced by about 1% within the first half hour of SEM
operation and remained stable thereafter (about two and half hours).
Figure 6.1: The probe current time history through an entire qBEI process.
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During probe current monitoring, a specific trabecular area was imaged six times over
a 5 minute interval without changing any SEM settings to obtain one data point.
Variations in the three BMDD parameters obtained within the first 30 minutes are
summarised in Table 6.1. The average Camean, Capeak and Cawidth for six images were
23.7± 0.04, 24.5± 0.18 and 7.7± 0.05.
Table 6.1: BMDD parameters, Camean, Capeak and Cawidth measured from a trabecular area
during assessment of beam current stability of the SEM.
Image time, mins Camean, Wt.% Capeak, Wt.% Cawidth, Wt.%
Initial 23.7 24.5 7.6
30 23.6 24.7 7.6
60 23.7 24.5 7.7
90 23.7 24.5 7.6
120 23.7 24.7 7.7
150 23.7 24.2 7.7
6.2.2 Damage of the bone tissue caused by the electron beam
In this study, the qBEI set-up for bone specimens followed Roschger et al.(1998),
however, a higher beam current (i.e. 0.227 nA) was applied in this study, compared to
the 0.110 nA reported by Roschger et al. (1998). The advantage of using the higher
beam current was that a better signal to noise ratio was achieved in the backscattered
electron (BE) images. However, the possibility of damage to the bone samples caused
by the electron beam was an issue that needed exploration in relation to qBEI analysis.
So one trabecular region was chosen at random and was exposed continuously for 5
minutes, 10 minutes, 15 minutes and 20 minutes to the beam. A BE image of the
trabecular region was taken at the end of the each exposure duration. Acquisition
of possible electron beam damage to the trabeculae bone tissue was undertaken four
times.
The first and last BE images of one acquisition session are shown in Fig. 6.2 and the
results for qBEI analysis are summarized in Table 6.2. It was found that both BE im-
ages (exposed under the higher beam current for 5 and 30 minutes) were identical, and
that the differences in Camean, Capeak and Cawidth between first image and last image
150 Chapter 6. qBEI of human trabecular bone




Figure 6.2: Two BE images of bone specimens taken after exposing trabecular bone to a
beam current of 0.227 nA for (a) 5 minutes and (b) 30 minutes.
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Table 6.2: BMDD parameters, Camean, Capeak and Cawidth in a trabecular area obtained for
studying the possible damage caused by an electron beam at 0.227 nA on BMDD parameters.
Electron beam exposure time, min Camean, Wt.% Capeak, Wt.% Cawidth, Wt.%
5 18.6 18.9 9.6
10 18.7 18.8 9.5
15 18.8 18.5 9.8
20 18.9 18.8 9.6
6.3 Results of BMDD
6.3.1 Typical BE image and BMDD of trabeculae
Typical backscattered electron (BE) images of trabeculae are presented in Fig. 6.3. The
embedding medium and any soft tissue appears black whereas the mineralized bone
tissue is of a lighter contrast (gray to white) due to the higher average atomic number
of that tissue in comparison to the surrounding resin, yielding higher backscattered
electron output when subjected to a beam of electrons.
Figure 6.3: A representative BE image of trabeculae at ×20 magnification from a 65 year-old
donor. Indented trabecular regions of interest (ROIs) are marked by blue squares.
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The BE signal from the bone is mainly determined by the calcium (Ca) concentration
of the targeted trabecular regions, yielding the lighter contrast/different gray level
(GL). Overall, it was found that the lower Ca concentration corresponds to fresh bone
formation (younger bone tissue) normally found in the border of trabeculae. For the
older bone tissue (more mineralized), it is mainly located in the centre of trabeculae.
High resolution BE images of trabeculae (Fig. 6.4 and Fig. 6.5) revealed more mi-
crostructural features of trabeculae. SEM images revealed that trabeculae contain
osteocyte lacunae, cement lines, central canal and lamellae. These two high resolution
SEM images, Fig. 6.4 and Fig. 6.5, show that the average width of lamellae is about
3 µm, and the size of lacuna can vary from 1 µm up to 4 µm. One central canal
(Haversian canal) can be observed in the 2nd trabecula and has a size of 40 µm.
Figure 6.4: Low magnification image of the first trabeculae shown in Fig. 6.11a revels the
lamellar structure (white dashed line), cement lines (red arrows) and lacunae (white circle).
The orientation of lamellar structures can be observed in the backscattered electron
(BE) image. In the 1st trabecula (Fig. 6.4), the lamellae of one packet typically run
parallel. However, the lamellae of different packets have different orientations. There
is about a 75◦ difference in the orientation of lamellae.
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In the 2nd trabecula (Fig. 6.5), the orientation of lamellae is also visualized. Here, the
lamellae in different bone packets seem to be oriented in the same direction.
Figure 6.5: The second trabeculae shown in Fig. 6.3 demonstrates similar microstructure to
the first trabeculae (shown in Fig. 6.4): lamellar structure (white dashed line), cement lines
(red arrows), lacunae (white circle), and a Haversian canal (central yellow circle).
The first trabecula contains four bone packets each with a different gray level (Fig. 6.6).
Individual bone packs are separated by cement lines. The mean Ca concentration of
each bone packet is summarized in the table next to the BE image. The average Ca
concentration of the first trabecula is 18.7 ± 2.47 Wt.%. In contrast, the average Ca
concentration of lacunae is 0.16 Wt.%.
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Figure 6.6: The first trabecula from Fig. 6.3 viewed using backscattered electron imaging.
Average mineral content (obtained via qBEI) for the four bone packets outlined is shown in
the adjacent table.
For the second trabecula, five bone packets of different Ca concentration are visualized.
The mean Ca concentration of the trabecula is 19.9±3.38 Wt.% (Fig. 6.7). The average
Ca concentration of individual bone packet inside the trabecula is presented in the
adjacent table. Bone packet #5 region has the lowest Ca concentration compared with
others. It is suggested that this particular bone packet had undergone bone remodelling
recently.






Figure 6.7: The second trabecula from Fig. 6.3 viewed using backscattered electron imaging.
Average mineral content (obtained via qBEI) for the five bone packets is presented in the
adjacent table.
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BMDD histograms representative the first and second trabeculae are shown in Fig. 6.8.
The two BMDD diagrams clearly differ for Capeak and Cawidth. The Capeak was 12.3%
higher and Cawidth 20% higher in the second trabecula than the first trabecula. The
broader distribution of the BMDD histogram, indicated by Cawidth found in the second
trabecula suggests that there is an increase in the heterogeneity of mineralization for
that trabecula. The greater spread in distribution of the BMDD graph for the second
trabecula may be due to the recently renewed bone packet #5, as shown in Fig. 6.7.
In contrast, the narrower distribution of BMDD in the first trabecula implies that




Figure 6.8: Representative BMDD histograms from 1st and 2nd trabeculae as shown in
Fig. 6.3.
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Micro-cracks occasionally appeared in bone samples used in this study (Fig. 6.9). In
most cases, the micro-cracks occurred close to highly mineralized bone packets (indi-
cated by white arrows), near a central canal (indicated by the yellow arrow) and along
cement lines (indicated by red arrows). Moreover, they are of various size and lengths.
(a) (b)
(c) (d)
Figure 6.9: Micro-cracks found in the highly mineralized bone packets and/or along cement
lines. The scale bar, indicated by the white line, is 100 µm.
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6.3.2 BMDD of longitudinal and transversal trabeculae
The comparison of BMDD parameters between longitudinal and transverse trabeculae
is graphically summarized in Fig. 6.10. The mean Camean, Capeak and Cawidth are not
significantly different between longitudinal and transverse trabeculae.
(a) (b)
(c)
Figure 6.10: Comparisons of mean (a) Camean, (b) Capeak and (c) Cawidth between longitu-
dinal and transverse trabeculae. The error bars denote ± standard deviations.
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BMDD data for individual donors are presented in Table 6.3, Table 6.4 and Table 6.5.
No significant differences for Camean between longitudinal and transverse trabeculae
were found for individuals (Table 6.3). A similar result was obtained for Capeak (Ta-
ble 6.4). For Cawidth (Table 6.5), most data comparisons were not significant, except
for the 67 year old donor that was significant for a difference between longitudinal and
transverse data (p < 0.05).
Table 6.3: Mean Camean for indented longitudinal (Long) and transverse (Trans) trabeculae
for all donors.
Age Trabecular orientation Camean, Wt.% p value
52 Long 23.9± 0.65 0.38
Trans 23.7± 0.47
65 Long 20.2± 1.18 0.15
Trans 19.5± 1.00
67 Long 20.2± 1.34 0.84
Trans 20.1± 1.30
75 Long 21.6± 1.62 0.59
Trans 21.1± 1.27
77 Long 18.3± 1.42 0.34
Trans 19.0± 1.40
86 Long 22.6± 1.02 0.78
Trans 22.4± 1.71
Table 6.4: Mean Capeak for indented longitudinal (Long) and transverse (Trans) trabeculae
for all donors.
Age Trabecular orientation Capeak, Wt.% p value
52 Long 24.4± 0.86 0.67
Trans 24.3± 0.65
65 Long 20.8± 1.32 0.11
Trans 19.8± 1.29
67 Long 20.9± 1.43 0.78
Trans 20.7± 1.86
75 Long 22.5± 1.60 0.26
Trans 21.6± 1.61
77 Long 18.8± 1.83 0.39
Trans 19.7± 1.53
86 Long 23.0± 1.14 0.93
Trans 23.1± 1.78
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Table 6.5: Mean Cawidth for indented longitudinal (Long) and transverse (Trans) trabeculae
for all donors.
Age Trabecular orientation Camean, Wt.% p value
52 Long 7.6± 0.73 0.25
Trans 8.0± 0.65
65 Long 8.9± 1.36 0.48
Trans 8.5± 0.81
67 Long 7.3± 1.52 0.04
Trans 8.7± 1.57
75 Long 6.6± 1.03 0.92
Trans 6.5± 1.05
77 Long 8.0± 1.20 0.90
Trans 8.1± 1.67
86 Long 8.6± 1.31 0.95
Trans 8.6± 1.15
6.3.3 Effect of age on BMDD of trabeculae
A regression analysis of mineral concentration against donor age is shown in Fig. 6.11.
The BMDD parameters were calculated from high magnification (high resolution) SEM
images. Results show that there is no significant relationship between Camean, Capeak,
Cawidth and donor age (p > 0.05).
For the BMDD calculated from the larger area, low magnification SEM images, the
relationships between BMDD parameters and individuals age was also investigated.
Fig. 6.12 illustrates the regression analysis. No significance was found (p > 0.05). The
result is similar to that presented in Fig. 6.11.
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(a) (b)
(c)
Figure 6.11: Means of (a) Camean, (b) Capeak and (c) Cawidth obtained from indented longi-
tudinal and transverse trabeculae plotted as a function of donors age.
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(a) (b)
(c)
Figure 6.12: Means of (a) Camean, (b) Capeak and (c) Capeak from whole trabecular bone
plots (i.e. low magnification images) as a function of donors age. The error bars denote ±
standard deviations.
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6.3.4 Comparison of BMDD between normal and abnormal trabecular
bone
The differences in BMDD parameters between normal and abnormal trabeculae are
illustrated in Fig. 6.13. The mean of Camean in the abnormal trabecular group showed
a 4% decrease from the normal trabecular group for both longitudinal and transverse
trabeculae (Fig. 6.13a). Similar results are found for the calculated Capeak (Fig. 6.13b)
and Cawidth (Fig. 6.13c), with a 3% and 9% decrease in the abnormal trabecular group,
respectively. However, the differences are not significant.
(a) (b)
(c)
Figure 6.13: Comparisons of (a) Camean, (b) Capeak and (c) Cawidth of longitudinal and




In this study, bone mineralization density distribution (BMDD) of human trabecular
bone tissue was assessed by using quantitative backscattered electron imaging (qBEI).
This method was validated by Roschger and his colleagues in 1998 and has been applied
to human specimens since then. It has enabled the characterization of bone tissue
compositions and study of BMDD changes related to bone diseases such as osteoporosis
or osteoarthritis. The experiments undertaken in the current study using calibrated BE
signals, involved a modification of the technique published by Roschger et al. (1998).
Due to the capability of the instrument used in this study, a higher probe current
(0.227 nA) was utilized compared to previous work (0.110 nA). The stability of the
probe current is important: an unstable probe current would cause an artificial shift
in brightness and contrast, resulting in an expansion or shrinkage in the coordinates
of BMDD histograms (Sutton-Smith et al., 2008). Thus, the results collected from
different bone areas or individuals would not be able to be compared with one another.
In this study, the stability of the probe current and possible damage to bone tissues from
use of a higher probe current were investigated before the methodology was accepted.
Fig. 6.1 illustrated that the beam current, while initially unstable, settled to be stable
after a set period of time and remained stable. So the low variation for Camean,
Capeak and Cawidth was achieved, in the range of 0.1%, 0.8% and 0.6% of the means
respectively. The method was acceptable for as producing repeatable and comparable
BMDD parameters. Beam current damage to bone samples and resultant qBEI analysis
was also examined. The higher beam current, while producing good quality images,
did not result in imaged damage to the bone samples and hence any change in BMDD
parameters was not significant. Therefore, the technique used for measuring BMDD
as outline in this work is acceptable.
BE images can provide vital information with regard to the microstructural features of
bone tissue, bone remodelling history, the degree of mineralization, as well as the het-
erogeneity of trabecular bone structure. The non-uniform distribution of the mineral
concentration in trabecular bone tissue was revealed clearly in the high magnification
images (Fig. 6.4 and Fig. 6.5). The microstructural features of trabecular bone tis-
sue, such as lamellae and osteocyte lacunae as well as micro-cracks were visualized in
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the BE images. Cement lines observed in the BE images consisted of higher mineral
concentration, since they were brighter in contrast (higher GL) than surrounding bone
tissue. This result is consistent with previous work (Skedros et al., 2005; Busse et al.,
2009). The BE images of trabecular bone confirm that each bone packet contains dif-
ferent mineral content, probably resulting from different bone remodelling rates and
different stages of mineralization. In general, the older bone tissue is located in the core
(centre) of trabeculae, while the younger bone tissue is found along the periphery of
trabeculae. Trabecular bone packets are made up of lamellae, as shown in the further
enlarged images in Fig. 6.4 and Fig. 6.5. In each bone packet, the lamellae run parallel
to each other. The BE images in this study revealed that the lamellar orientation is
distinct from one bone packet to another. Moreover, the lamellae are all aligned in the
same direction within an individual trabecular packet.
BMDD was found to be fingerprints of the mineralization and bone remodelling process
in the bone tissue (Ruffoni et al., 2007). It can interpret the heterogeneous mineral
content by characterizing the shape of the BMDD curves. The variations in the degree
of mineralization were observed in the trabecular packets. Results demonstrated the
shape of BMDD histogram could be determined by the bone turnover rate. In Fig. 6.8,
the observation of a bimodal shape BMDD histogram or BMDD histogram with a wider
Cawidth compared to the reference BMDD proposed by Roschger et al. (2003) may oc-
cur when the targeted trabeculae were experienced a rapid change in bone remodelling
(and an increased bone turnover). In the case of an increased bone turnover, the rates
of formation of new matrix increases, resulting in newly formed bone matrix that will
not have enough time to reach the full degree of mineralization before being resorbed
by the osteoclasts starting a new remodelling sequence. In contrast, bone tissue that
had been in a balanced bone remodelling would give rise to a shape of BMDD curve,
which is similar to a Gaussian distribution.
The high resolution of BE images used not only reveal the microstructural features of
bone tissue such as cement lines and lacunae, but also provide information regarding
bone tissue fragility, such as the observed micro-cracks. In this study, micro-cracks
usually were present in the highly mineralized bone packets. The presence of micro-
crack has been linked to hypermineralization occurring in brittle bone (Turner, 2002;
Busse et al., 2009). In this study, some micro-cracks were observed to have stopped
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at cement lines and to run along cement lines in the current study and from this
observation we may imply that cement lines function to stop (inhibit) the propagation
of micro-cracks. This may due to their highly mineralized state, illustrated by brighter
GL levels compared with GL levels of bone tissue or lacunae. However, it needs to
be borne in mind that the trabecular samples used in this study have been through a
sample preparation procedure, and the dehydration and/or embedding procedure likely
would introduce some micro-crackes (Burr, 2002; Busse et al., 2009). Further study
to distinguish the time-line for the appearance of micro-cracks in bone tissue or an
investigation of the difference between artificial and pre-sampling micro-crack would
help to clarify the situation. It would also used further light on the deterioration of
bone strength due to bone fragility in aged hypermineralized areas.
Overall, the difference in mean Camean and Capeak between longitudinal trabeculae
and transverse trabeculae are not statistically significant. The results indicate that
longitudinal and transverse trabeculae might have similar bone remodelling history
and mineralization processes. Considering all the tested trabeculae were rod-like tra-
beculae, the finding in this study is consistent with one other study conducted on
human trabecular bone (Wang et al., 2012). That is, the tissue mineral density of rod-
like trabeculae was almost uniform among three different oriented trabecular groups
(longitudinal verse oblique verse transverse). Despite longitudinal and transverse tra-
beculae being loaded differently (compression for longitudinal trabeculae and tension
for transverse trabeculae) in vivo, bone remodelling and/or the process of mineraliza-
tion is controlled biologically in such way that both types of trabeculae have similar
a degree of mineralization. The results also suggest that the amount of mineral con-
tent and heterogeneity of mineralization are unlikely to be the cause of the significant
differences found between the mechanical properties of the longitudinal and transverse
trabeculae in Chapter 5. Instead, other factors, such as organic matrix and/or the size
and the orientation of the mineral crystals, may be exerting an effect on the hardness
and elastic properties of the bone tissue.
This study is believed to be the first to compare BMDDs between longitudinal and
transverse trabeculae obtained from the femoral head using qBEI. Typical BMDD data
for normal adult human trabecular bone was introduced by Roschger et al. (2003) and
is shown in Table 6.6. The values in the table were obtained by the authors averaging
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the BMDDs of 52 samples across a range of ages, gender, ethnicity and skeletal sites. It
can be seen that mean Camean and Capeak reported in this study are 21.05±1.81 Wt.%
and 21.6 ± 1.82 Wt.% respectively; slightly higher (6%) than the reference BMDD
parameters for normal bone as reported in the study by Roschger et al. (2003). The
overall Cawidth was 7.9± 0.80 Wt.%, which is remarkably higher (58%) than the value
provided in the reference BMDD. The trabecular bone tissue used in this study appears
to be more heterogeneous. This may be due to an increased bone turnover rate that
occurred in the bone samples tested in this study compared with the reference BMDD.
Another possible reason may be that the BMDD parameters for normal bone were
estimated by averaging all data, resulting in an evening out of any variations. As a
result, a lower mineralization density would be detected.
Table 6.6: Reference BMDD values reported by Roschger et al. (2003).




The mineral content measured by bone mineral density measurement (by dual-energy
x-ray absorptionmetirc) and µCT studies (Steiger et al., 1992; McCalden et al., 1993;
Cooper et al., 2006; Boskey, 2013) showed that the mineral content is linearly related
with age. Hence, the linear regression analysis was used to examine the relationship
between the BMDD parameters and donor age, which may provide an additional per-
spective on the individuals mineralization state. Fig. 6.11 and Fig. 6.12 show that
Camean, Capeak and Cawidth produced from both high magnification and low magnifi-
cation images does not change significantly with the individuals age. Although age-
related changes in bone mineralization have been studied previously, it is still unclear
whether the donor age affects bone mineralization at the microscopic scale (Koehne
et al., 2014). For instance, the results presented in this study are in agreement with
previous studies undertaken on trabecular bone from vertebral body (Roschger et al.,
2003) and cortical bone from the iliac (Boivin & Meunier, 2002), but are inconsistent
with one study by Sutton-Smith et al. (2008). In Sutton-Smith et al. (2008), the
BMDD was measured from the intertrochanteric region of the proximal femur, which
is near the neck of the femur. One possible reason for the inconsistent result may be
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due to the anatomical sites being tested. Most of the age-related fractures in the femur
occurs in the neck of femur compared to the femoral head region. Hence, the neck of
femur may show more obvious age-related changes in BMDDs. The results also imply
that age-related changes in BMDD are dependent on the anatomical sites studied.
Age-related fracture occurs in the proximal femur normally associated with changes in
trabecular microarchitecture, such as plate-like trabeculae becoming rod-like (Ding &
Hvid, 2000; Guggenbuhl, 2009; Roschger et al., 2003). In contrast, BMDD measured
at the microscopic level is found to be independent on the donor age. The results pre-
sented in this study suggest that age-related fractures occurring in the proximal femur
are predominantly caused by the deterioration of the trabecular microstructure rather
than a result of the bone composition. Anatomical sites possibly plays a role here as
well. It was found that the age-related deterioration of trabecular microstructure was
most evident in the intertrochanteric region in the proximal femur (Djuric´ et al., 2012)
compared to other regions in the proximal femur, such as the femoral head. This find-
ing suggests that the aging process in the proximal femur does not uniformly affect all
the regions in the femur, probably due to different regions being subjected to different
loading conditions. Moreover, the ageing process could increase the accumulation of
damage and affect bone remodelling, resulting in obvious effects of the assessed min-
eralization of bone (Norman et al., 2008). Therefore, it is likely that the absence of
age-related change in BMDD found in the proximal femur reported in this study is due
to the less evident ageing process in the proximal femur, when compared to the data
collected from the neck of femur.
In this study, the trabeculae were divided into two groups based on the absence or
existence of bone cysts as revealed by clinical CT images. The normal trabecular group
was identified by the absence of bone cysts, while the abnormal trabecular group was
identified from appearance of bone cysts. The appearance of bone cysts in trabecular
bone is associated with a pathological change due to osteoporosis or osteoarthritis
(Ohtani & Azuma, 1984). Thus, it was possible to assess whether the BMDD of normal
and abnormal trabecular groups might differ from each other. Interestingly, there
was no significant difference in BMDD parameters between the normal and abnormal
trabecular groups. The finding is not consistent with previous studies (Roschger et al.,
2001; Loveridge et al., 2004; Sutton-Smith et al., 2008; Carpentier et al., 2012), which
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reported significantly lower degree of mineralization found in osteoporotic or fracture
groups compared to control groups. One possibility for a lack of significant difference
between the groups in the current study may be explained by the location of bone cysts
in the proximal femur. They were frequently located near the upper part of proximal
femur (the area between articular cartilage and cortical bone), however, trabecular
bone samples used in the current qBEI analysis were extracted from areas close to the
center of the proximal femur. Thus, the BMDDs reported in our study might not have
been from the most suitable areas to show a difference.
6.5 Conclusions
qBEI provides important information regarding bone composition. This technique
provides for not only the visualization of the heterogeneous nature of bone tissue but
also quantitative analysis of the mineral content. Using qBEI analysis it is possible to
convert BE images into a BMDD histogram, which allow us to compare data across
samples and individuals. The BE images reveal that trabecular bone packets contain
different degrees of mineralization resulting from bone remodelling and mineralization
in different time frames. The mineralization distribution between longitudinal and
transverse trabeculae was found to be similar. The three BMDD parameters did not
change in an age-related way, suggesting that age-related changes in bone mineral
content may not occur at a microscopic scale. A weak relationship was found between
Cawidth extracted from the whole bone images and donor age, suggesting that the age-
related changes to BMDD may occur globally not regionally. The existence of bone
cysts in the femoral head did not affect the mineralization significantly. Above all, the
findings in this current study emphasize that the amount of bone composites (referenced
as bone mineralization) may not contribute to significant difference of bone tissue
properties measured by nanoindentation. Instead, other micro- and nano- structural
alternation, such as collagen fibrils orientation, size and orientation of mineral crystals
may be causal.
Chapter 7
Correlation of mechanical properties of trabeculae
with mineral content
In Chapter 5 and Chapter 6, the mechanical properties and the bone mineralization
density distribution of trabecular bone tissue were systemically investigated. This
chapter aimed to understand how mineral composition affects the mechanical properties
of trabecular bone tissue.
7.1 Introduction
Bone is an inhomogeneous material that is composed of organic and mineral phases. It
contains varying structural organization from the macro to nano levels (Ruppel et al.,
2008). Bone tissue composition and its mechanical properties play an indirect role
in bone fragility (Ruppel et al., 2008; Seeman, 2008). Each level of hierarchy has a
different structure that can influence the mechanical properties.
It has been reported that bone mineral content makes a profound contribution to bone
strength, stiffness and fracture toughness of various bones (e.g. red deer antler, cow
femur) at macro and micro levels (Currey, 1984; Ciarelli et al., 2003). Backscattered
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electron microscopy has been used in the study of bone morphometric data and bone
mineral content of localized regions in various bone tissues. With more advanced
methodology, it has been successfully applied in quantitative comparison of mineral-
ization of different bone tissue samples by calibrating mean grey level values to those
of known standard materials (Roschger et al., 1998). This quantitative backscattered
electron microscopy (qBEI) technique has been carried out at different anatomical sites
and to study the effect of bone fragility associated with bone disease such as osteo-
porosis (Ciarelli et al., 2003; Van der Linden et al., 2004; Fratzl-Zelman et al., 2009)
on bone mineralization.
Among the studies on this topic, some reported a lower mineral content was found in
the fracture cases compared to the non-fractured cases (Loveridge et al., 2004; Boivin
et al., 2008; Fratzl-Zelman et al., 2009); others reported an opposite result (Weber
et al., 2006) or found there was no difference in mean value of mineralization, but
higher variance (standard deviation) in the fracture group (Ciarelli et al., 2003). At
the microscopic level, trabecular bone is composed of trabeculae, which contain bone
packets with different levels of mineralization due to the bone remodelling events that
occur across time (Ruffoni et al., 2007; Ciarelli et al., 2009). qEBI analysis discovered
that at the local level (i.e. fine scale, high resolution) mineral content (Wt.%, Ca),
measured from individual indent positions, showed differences within bone regions:
a significantly lower value for the superior region of the femoral neck compared to
the inferior region of the femoral neck. Moreover, there was significantly higher local
mineral content in central trabecular packets than in peripheral ones (?; Smith et al.,
2010). These variations complicate the search for understanding of the role of hierarchy
in bone characteristics that control mechanical performance.
The inter-relationship between the mechanical properties and mineral content have
been estimated quantitatively in various tissues, including human femoral cartilage
(Gupta et al., 2005), trabecular bone from the femoral neck (Fratzl-Zelman et al.,
2009), trabecular bone from intertrochanteric region of the femur (Smith et al., 2010),
trabecular bone from vertebral body and iliac core (Tjhia et al., 2012) and subchon-
dral bone (Gupta et al., 2005) by combining nanoindentation and qBEI. A number
of studies reported a positive correlation between mineral content of bone tissue and
its corresponding mechanical properties (Boivin et al., 2008; Smith et al., 2010; Tjhia
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et al., 2012). In contrast, recent publications have demonstrated that bone tissue prop-
erties and the mineral density correlated weakly (Tjhia et al., 2012), or the relationship
was not found in every tested sample (Zebaze et al., 2011). It is therefore speculated
that the mechanical behaviour of bone tissue is not determined solely by the mineral
content. The organic matrix and the interaction between these two components will
need to be considered.
This chapter focused on the microscopic level of bone from the femoral head. The
aim was to determine whether mineral composition acts as a predictor for bone tissue
mechanical properties because it is a key determinant of the mechanical behaviour of
bone tissue. To this date, it is not yet clear how bone diseases such as osteoporosis may
1) alter the mineral content and 2) may affect the relationship between bone tissue
properties and mineral content at the microscopic level. Examination of the inter-
relationship between local mineral content and the corresponding mechanical properties
of bone tissue may provide new insights into the mechanics that underlie the fragility
of the bone composites at the nanoscale. In order to achieve this, two established
techniques, nanoindentation and qBEI, were utilized for characterizing the bone tissue
properties and local mineral content.
7.2 Experimental details
This study was completed with the assessment of the mean of mineral content per
indent location, referred as Ca/indent. The procedure of locating individual indent
position in the backscattered electron (BE) images, followed by the calculation of the
mean of mineral content for individual indent site was detailed in Chapter 3.5. The
Ca/indent is expressed as the weight percent calcium (Wt.%). Data obtained from
indents located in/near micro-cracks, lacunae and cement lines were considered not to
be representative and so were excluded from the analysis.
Comparison of Ca/indent was made between different trabecular orientation, indent di-
rection and normal versus abnormal trabecular samples. Regression lines were drawn
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to seek the relationship between nanoindentation results and Ca/indent. Following mea-
surement, Ca/indent was divided into four groups: > 24 Wt.% Ca, 24-22 Wt.% Ca, 22-20
Wt.% Ca, and < 20 Wt.% Ca.
The mean nanoindentation data for all indents falling within each Ca concentration
group was then calculated. Comparisons were also made between different trabecular
orientations and pathological conditions affecting the trabeculae. These comparisons
were made to detect to what degree the mineral content may affect the mechanical
properties of trabeculae.
Minitab 16 statistical software was used for statistical analysis of the data. Un-paired
student t-tests were used for testing differences in Ca/indent between trabecular types
(longitudinal versus transverse), different indent direction (axial versus radial) and
different pathological conditions of the proximal femur (normal versus abnormal). Re-
gression analysis was used to seek the correlation between Ca/indent and local values of
nanoindentation, including Er, H, elastic and plastic deformation (he , hp), elastic and
dissipated energies (UE , UP ). A p < 0.05 was considered statistically significant.
7.3 Results
7.3.1 Comparison of Ca/indent between longitudinal and transverse trabec-
ulae
Table 7.1 presents the mean values and standard deviation (SD) of Ca/indent for lon-
gitudinal and transverse trabeculae. Overall, Ca/indent shows a significant difference
between trabecular types (p < 0.05), with a slightly higher mineral content (2%) in
longitudinal trabeculae than transverse trabeculae.
7.3 Results 173
Table 7.1: Mean Ca/indent measured in longitudinal and transverse trabeculae.
Trabecular orientation Ca/indent, Wt.%
Longitudinal 21.4± 2.98
Transverse 20.9± 3.11
Fig. 7.1 demonstrates that the mean of Ca/indent varies across six samples for both
longitudinal and transverse trabeculae, with the majority showing either a statistically
significant difference (p < 0.05) or a trend, for higher Ca/indent values in longitudinal
samples, but with one sample having the trend reversed: the 77 year-old donor. The
statistical significance only is detected from three out of six samples, 65, 67 and 77
year-old donors.
Figure 7.1: Comparison of Ca/indent between longitudinal and transverse trabeculae for six
samples. The error bars denote ± standard deviations. The asterisk marks significance to
p < 0.05.
7.3.2 Comparison of Ca/indent between the axial and radial loading direc-
tions
Fig. 7.2 summaries the comparisons of Ca/indent of longitudinal and transverse trabec-
ulae with regard to the indent directions. Locally measured mineral content shows
significant dependence on the indent direction. For the longitudinal trabeculae, a
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higher mineral content was measured from bone tissue indented in the radial direction
than those indented in the axial direction. An opposite result was found for transverse
trabeculae, where a significantly higher value was measured from bone tissue indented
in the axial direction than the radial direction (p < 0.05). No significant difference was
found between longitudinal and transverse trabeculae in the axial direction (p = 0.943).
However, local mineral content was significantly higher in the longitudinal trabeculae
than transverse trabeculae in the radial direction.
Figure 7.2: Comparison of Ca/indent between longitudinal and transverse trabeculae indented
in the axial and radial direction. The error bars denote ± standard deviations. The asterisk
marks significance to p < 0.05.
7.3.3 Comparison of Ca/indent between normal and abnormal trabecular
groups
In Fig. 7.3, Ca/indent shows significant difference between longitudinal and transverse
trabeculae for both normal and abnormal trabecular groups. That is, longitudinal
trabeculae contains higher Ca/indent than transverse trabeculae. Fig. 7.3 also shows that
a slightly higher mean value of Ca/indent was measured from the abnormal trabecular
group compared with the normal trabecular group. However, the difference is only
found statistically significant in transverse trabeculae, not in longitudinal trabeculae
(p = 0.33).
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Figure 7.3: Comparison of Ca/indent between longitudinal and transverse trabeculae for nor-
mal and abnormal trabecular groups. The error bars denote ± standard deviations. The
asterisk marks significance to p < 0.05.
7.3.4 Correlation of Ca/indent with bone tissue mechanical properties
In order to investigate whether there is an association between mechanical properties
and corresponding Ca/indent, Er and H were plotted as a function of Ca/indent. Fig. 7.4
shows a linear regression that was fitted to the mechanical properties of longitudinal
and transverse trabeculae for all six samples. It demonstrates that Ca/indent and the
mechanical properties relationships for both longitudinal and transverse trabeculae ap-
pear identical. The linear regression analysis results illustrate a weak but positive linear
association between Er and its corresponding Ca/indent for longitudinal and transverse
trabeculae. Similar results were found for the relationship between Ca/indent and H
(weak and positive).
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Figure 7.4: Linear regression analysis for the mechanical properties (Er and H) versus
Ca/indent association for (a,c) longitudinal trabeculae and (b,d) transverse trabeculae.
To investigate this quantitatively in a different way, all Ca/indent data points were
binned in the range of 20 to 24, in steps of 2.0 Wt.%. Four Ca concentration groups
were evident: > 24 Wt.% Ca, 24-22 Wt.% Ca, 22-20 Wt.% Ca, and < 20 Wt.% Ca.
The main observation to be drawn from Fig. 7.5a is that average Er for a specific Ca
concentration group is generally larger in longitudinal trabeculae when compared to
transverse trabeculae. This difference is found statistically significant in group 24-22
Wt.% Ca, 22-20 Wt.% Ca, and < 20 Wt.% Ca. For the highest Ca content group
(> 24 Wt.% Ca), the difference between longitudinal and transverse trabeculae is not
statistically significant. However, there is a clear positive trend for an increase in Er




Figure 7.5: Averaged (a) Er and (b) H of longitudinal (Long) and transverse (Trans) trabec-
ulae plotted as a function of four Ca groups. The error bars denote ± standard deviations.
The asterisk marks significance to p < 0.05.
An analogous procedure was carried out for H, as shown in Fig. 7.5b. Here, the highest
mean H value is found in trabeculae which contains the highest Ca content. The lowest
mean H is found in trabeculae which contain the lowest Ca content. This phenomenon
is observed in both longitudinal and transverse trabeculae. Longitudinal trabeculae
appear harder than transverse trabeculae due to the higher Ca content in longitudinal
trabeculae. The difference in H between longitudinal and transverse trabeculae is found
significant only in two groups: 22-20 Wt.% Ca, and < 20 Wt.% Ca; however the trend
is consistent across all groups.
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7.3.5 Correlation of bone tissue deformation with Ca/indent
Linear regression analysis performed on Ca/indent and he for both longitudinal and
transverse trabeculae is illustrated in Fig. 7.6a and Fig. 7.6b. Results illustrate he and
Ca/indent are weakly associated for both longitudinal and transverse trabeculae. Unlike
the positive associations present in Fig. 7.4, he correlates negatively with Ca content.
Similar results are found for hp. Fig. 7.6c and Fig. 7.6d illustrate a weak and negative




Figure 7.6: Linear regression analysis for he and hp versus Ca/indent correlation for (a,c)
longitudinal trabeculae and (b,d) transverse trabeculae.
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From Fig. 7.7, it is evident that there is a negative trend with a decrease in bone tissue
deformation as Ca concentration increases. Fig. 7.7a demonstrates a higher elastic
recovery of trabeculae is found in the lower Ca concentration group. This is observed
in both longitudinal and transverse trabeculae. In terms of trabecular orientation,
longitudinal trabeculae exhibit a lower (and significant) elastic recovery than transverse
trabeculae in the lowest Ca content group. No significant difference was found in the
other three Ca concentration groups.
(a)
(b)
Figure 7.7: Averaged (a) he and (b) hp of longitudinal (Long) and transverse (Trans) trabec-
ulae plotted as a function of four Ca groups. The error bars denote ± standard deviations.
The asterisk marks significance to p < 0.05.
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Similar trends are observed in the relationship between plastic deformation and Ca
concentration groups. As illustrated in Fig. 7.7b, there is a trend of greater plas-
tic deformation resistance (smaller hp) in the higher Ca concentration. The trend is
observed in both longitudinal and transverse trabeculae. However, in each Ca concen-
tration group, no significant difference was found between longitudinal and transverse
trabeculae.
7.3.6 Correlation of nanoindentation work with Ca/indent
Fig. 7.8 shows nanoindentation work, either UE or UP , and a weak and negative re-
lationship with Ca/indent. This finding occurs for both longitudinal and transverse
trabeculae. Elastic energy of longitudinal and transverse trabeculae slightly decreases
while Ca/indent increases, as illustrated in Fig. 7.8a and Fig. 7.8b. A similar trend is
found between the dissipated energy and Ca/indent, where UP gradually decreases while
the Ca/indentincreases (Fig. 7.8c and Fig. 7.8d).
The comparison of nanoindentation work between longitudinal and transverse trabec-
ulae for four Ca concentration groups is illustrated in Fig. 7.9. In the 22-20 Wt.% Ca
and < 20 Wt.% Ca groups, the elastic energy was found to be significantly different
between longitudinal and transverse trabeculae, where UE is generally greater in trans-
verse trabeculae than longitudinal trabeculae (Fig. 7.9a). In contrast, there was no
difference between longitudinal and transverse trabeculae in 22-24 Wt.% Ca and > 24
Wt.% Ca groups.
Fig. 7.9b illustrates the comparison of UP between longitudinal and transverse tra-
beculae for four different Ca concentration groups. Generally, transverse trabeculae
show greater the plastic resistance compared to longitudinal trabeculae. However, a




Figure 7.8: Linear regression analysis for UE and UP versus Ca/indent correlation for (a,c)
longitudinal trabeculae and (a,c) transverse trabeculae.
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Figure 7.9: Averaged (a) UE and (b) UP of longitudinal (Long) and transverse (Trans) tra-
beculae plotted as a function of four Ca groups. The error bars denote ± standard deviations.
The asterisk marks significance to p < 0.05.
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7.3.7 Effect of bone cysts on Ca/indent
The effect of pathological conditions on the relationship between Er and Ca/indent is
illustrated in Fig. 7.10. Results demonstrate that a relatively stronger Er to Ca/indent
association is found in the normal trabecular group than the abnormal trabecular
group. For longitudinal trabeculae, the Er to Ca/indent association found in the normal
group (Fig. 7.10a) is stronger than those in the abnormal group (Fig. 7.10c). Similar
results are found in transverse trabeculae. The Er to Ca/indent association is four times
stronger in the normal group (Fig. 7.10b) than the abnormal group (Fig. 7.10d).
(a) Normal longitudinal trabeculae (b) Normal transverse trabeculae
(c) Abnormal longitudinal trabeculae (d) Abnormal transverse trabeculae
Figure 7.10: Linear regression analysis for Er versus Ca/indent for (a,b) normal and (c,d)
abnormal trabeculae.
The effect of pathological conditions on the relationship between H and Ca/indent is
demonstrated in Fig. 7.11. Again, a relatively stronger association is found in the
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normal trabecular group compared to the abnormal trabecular group. Interestingly,
the effect of pathological conditions on H to Ca/indent relationship is more evident in
transverse trabeculae compared to longitudinal trabeculae. For longitudinal trabeculae,
the association shown in the normal group (Fig. 7.11a) is about two times stronger than
in the abnormal trabeculae (Fig. 7.11c). For transverse trabeculae, the association
shown in the normal group (Fig. 7.11b) is four times stronger than in the abnormal
trabeculae (Fig. 7.11d).
(a) Normal longitudinal trabeculae (b) Normal transverse trabeculae
(c) Abnormal longitudinal trabeculae (d) Abnormal transverse trabeculae
Figure 7.11: Linear regression analysis for H versus Ca/indent for (a,b) normal and (c,d)
abnormal trabeculae.
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For a given mineral content, there is a trend of greater Er and H values in the abnormal
trabecular group compared to the normal trabecular group as shown in Fig. 7.12. For
longitudinal trabeculae, the significant differences in Er between the normal and the
abnormal trabecular bone are found in all Ca groups, with higher Er values in the ab-
normal trabeculae (Fig. 7.12a). Similar results are observed for transverse trabeculae.
Statistical significance is found in the < 20 Wt.% Ca, 20-22 Wt.% Ca and 22-24 Wt.%
Ca groups, but not in the > 24 Wt.% Ca group.
(a)
(b)
Figure 7.12: The comparisons of mean (a) Er and (b) H for normal (N)/abnormal (A)
longitudinal (Long) and transverse (Trans) trabecular groups in four Ca groups. The error
bars denote ± standard deviations. The asterisk marks significance to p < 0.05.
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For the hardness measurements, the abnormal trabeculae were harder than the normal
trabeculae for a given Ca concentration (Fig. 7.12b). This is similar to the findings
shown in Fig. 7.12a. For longitudinal trabeculae, the difference between the normal
and abnormal trabeculae is statistically significant in the < 20 Wt.% Ca and 22-24
Wt.% Ca groups. For transverse trabeculae, the statistical significance is found in the
< 20 Wt.% Ca and 20-22 Wt.% Ca groups.
7.3.8 Effect of donor age on Ca/indent
Fig. 7.13 presents the relationship between Ca/indent and age. It was found that the
mean value of Ca/indent is independent of the donor age for longitudinal or transverse
trabeculae.
Figure 7.13: Mean of Ca/indent plotted as a function of donor age for longitudinal and trans-
verse trabeculae. Each data point is represented as the mean of Ca/indent calculated from
individual.
7.4 Discussion
Nanoindentation was used to determine the mechanical properties of trabecular bone
in respect to the trabecular orientation. qBEI was used to assess the elemental compo-
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sition of trabeculae from the individual indent location. Combining the two techniques
allowed an investigation of the association between mineral content and the intrinsic
mechanical properties. Moreover, it provided a deeper understanding of the role of min-
eral content on the mechanical behaviour of trabecular bone tissue with regard to the
different trabecular types, indent directions and pathological condition of trabeculae.
This is believed to be the first study in which the investigation of the role of Ca/indent
on the mechanical behaviour of trabeculae, related to trabecular orientation, has been
undertaken in the femoral head. Results showed that Ca/indent was found to be sig-
nificantly higher in longitudinal trabeculae than transverse trabeculae. This finding
may help explain the difference in mechanical properties of trabeculae, and also re-
flects the bone tissue deformation and nanoindentation work reported in Chapter 5.
For example, longitudinal trabeculae appear to be more highly mineralized (due to
high Ca/indent), leading to higher stiffness and hardness values. Additionally, highly
mineralized longitudinal trabeculae have greater resistance to the plastic deformation
(smaller value of hp) and less elastic deformation.
Overall, the results presented in this study are also consistent with previously pub-
lished findings that a higher mineral content is expected to increase the mechanical
properties as measured by nanoindentation (Gupta et al., 2005; Fratzl-Zelman et al.,
2009). Higher values of Ca/indent found in longitudinal trabeculae compared to trans-
verse trabeculae suggest that bone remodelling (replacement of old bone tissue with
new bone) occurs frequently or predominantly in transverse trabeculae. Consequently,
highly mineralized bone tissue is present in longitudinal trabecular bone and less min-
eralized bone tissue is present in transverse trabecular bone. Possible causes for this
could be a requirement for different mechanical performance for longitudinal and trans-
verse trabeculae. For example, trabecular bone in the femoral head is mainly loaded
in compression. Longitudinal trabeculae are mainly loaded in compression, while the
transverse trabeculae are predominately loaded in tension. So we would see the longitu-
dinal trabeculae in the femoral head under the most loads. In order to withstand such
additional loading without either fracture or break, bone remodelling may take place
in longitudinal trabeculae at a slower rate of renewal in order to retain the stronger,
highly mineralized bone tissue, compared to transverse trabeculae.
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The anisotropy in the mechanical properties of trabeculae as determined from this study
may be attributed, at least in part, to Ca/indent. Compared to the radial direction, the
highly mineralized nature of the transverse trabeculae in the axial direction appears
to help bone tissue have more resistance to plastic deformation and exhibit a small
amount of elastic recovery after the load is withdrawn from the tissue. As a result,
transverse trabeculae appear to be stiffer and harder in the axial direction than the
radial direction. However, the cause cannot be fully explained by the local mineral
content data alone. It is generally believed that a higher mineral content is expected
to increase the elastic modulus of the bone tissue (Fratzl-Zelman et al., 2009). However,
longitudinal trabeculae from the femoral head do not follow this principal. Given that
longitudinal trabeculae contain lower mineral content and have a greater indentation
modulus in the axial direction, it becomes very likely that organic components of
bone, such as collage fibrils, and mineral crystal size and orientation, may be the
contributing factors of importance. Oyen et al. (2008) showed that the stiffness of
mineralized collagenous tissue is higher in the direction of the collagen fibrils rather
than perpendicular to it. Therefore, longitudinal trabeculae indented in the axial
direction, which is also the direction of the collagen fibrils, would be stiffer than in the
radial direction.
In this study, the femoral head samples containing bone cysts were treated as the model
for abnormal or osteoporosis cases, whereas bone samples without cysts were classified
as normal or control samples. Results showed higher values for mineral content mea-
sured from the abnormal trabecular group compare to the normal samples. The finding
is in line with other studies (Ciarelli et al., 2003; Weber et al., 2006; Busse et al., 2009;
Boskey, 2013). In the present study, indentation modulus and hardness of bone tissue
were related to Ca/indent. By combining the information on bone tissue deformation
and nanoindentation work revealed that abnormal trabeculae were stiffer and harder
due to higher mineral content, leading to them deforming less elastically and showing
greater plastic deformation resistance, compared to normal trabeculae. A greater plas-
tic deformation resistance was also reported in the fracture groups reported by Tjhia et
al. (2012) for pathological bone samples, resulting in greater brittle material-level be-
haviour. Accordingly, the finding in this study implies that bone tissue becomes more
brittle under the pathological condition, i.e. the abnormal trabeculae could absorb
less energy than the normal bones. This explains why the abnormal bones broke more
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easily than normal trabeculae. This finding agrees well with the recent observations
by Busse et al.(2009).
The comparison between normal and abnormal trabeculae for the same mineral con-
tent (Fig. 7.12) revealed that the abnormal longitudinal and transverse trabeculae are
stiffer and harder than the normal ones given the same amount of mineral content. The
difference in Er or H between the normal and abnormal trabeculae in the lower Ca con-
centration groups is significant. One possible scenario is that there are compositional
changes in bone tissue induced by the bone cysts, including the orientation of collagen
fibrils and the nature of collagen cross-linking (Roschger et al., 2008; Tjhia et al., 2012;
Boskey, 2013). It has also been reported that an increase in the stiffness of the collagen
fibrils of the organic matrix can occur with an increase in the cross-linking between
protein chains, which may compensate for changes in the mineral-collagen interface
during osteoporosis (Boskey, 2013; Milovanovic et al., 2015). Apart from the alteration
of organic phase, the size and arrangement of mineral crystals within the fibrils might
be associated with the difference in the mechanical properties of bone tissue caused by
osteoporosis (Jager & Fratzl, 2000). However, the role that mineral size, arrangement
and crystal shape plays in bone fragility is still unclear, because there are conflicting
results from studies on the alternation of mineral crystals in osteoporosis. For example,
no difference was found in mineral crystal dimension between normal and osteoporotic
bone by Ruppel et al. (2008).
The weak positive association between mineral content and mechanical properties was
found for longitudinal and transverse trabeculae. The positive relationship between
Ca/indent and the mechanical properties of trabeculae was expected due to the tendency
of higher bone tissue properties to be associated with higher values of mineral content.
This trend is consistent with the results of previous studies at the micro (Ferguson
et al., 2003; Gupta et al., 2005; Mulder et al., 2007; Smith et al., 2010; Zebaze et al.,
2011; Bala et al., 2011; Tjhia et al., 2012) and macro scale (Martin & Ishida, 1989;
Hernandez et al., 2006; Boivin et al., 2008). Interestingly, there are conflicting results
for whether the relationship between mineral content and tissue mechanical properties
appears significantly strong or weak among previous publications. For example, most
publications reported a significant strong mineral content to bone tissue properties
relationship for trabecular bone from mandibular condyle (Mulder et al., 2007), cortical
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bone from iliac bone (Boivin et al., 2008), femoral trabeculae (Smith et al., 2010) and
cortical bone in iliac bone (Bala et al., 2011). The weak correlation found in this
current study is consistent with work conducted in cortical bone from the proximal
femur (Zebaze et al., 2011) and cortical bone from the iliac core (Tjhia et al., 2012).
We can conclude that a relationship between these properties potentially is not the
same across different anatomical sites and across orders of scale as well as pathological
conditions of bone.
The weak association between Ca/indent and nanoindentation results, rather than the
more commonly seen strong relationship, may be attributed to 1) features of bone
at the submicro and nano levels that are not explained by mineral content or 2) the
mixed data analysis from both healthy and unhealthy bone tissue. Based on the avail-
able literature, local variation in the collagen orientation is likely to account for most
of the unexplained variation in the relationship between bone tissue mechanical prop-
erties and local mineral content (Bala et al., 2011). In agreement with this concept,
work done on osteons reported that about 88% of the variation in tissue elastic mod-
ulus (measured in tension) was due to the non-mineral phases, and the collagen fiber
orientation was the major determinant (Martin & Ishida, 1989). Moreover, when the
mechanical properties of osteons are determined with samples loaded in the same direc-
tion with respect to the osteonal orientation (and so taking into account the orientation
of collage fibers), there is a good association between the mineral content and tissue
mechanical properties (Gupta et al., 2005). In this study, the relationship between
mineral content and mechanical properties of bone tissue was analyzed separately for
both normal and abnormal trabecular groups. As illustrated in Fig. 7.10 and Fig. 7.11,
a relatively stronger relationship was found in the normal trabecular group, whereas a
weak relationship was found in the abnormal trabecular group. The different levels of
association were consistent with the findings of a recent study by Tjhia et al. (2012). In
that study, there was a significant mineral content to indentation modulus association
(R2 = 0.08) found for the healthy cortical bone that was absent for SSBT (severely
suppressed bone turnover and atypical fracture) and OP groups.
For a given mineral content, a statistically significant difference was found for the
indentation modulus and hardness between longitudinal and transverse trabeculae, in
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the lower mineral concentration groups. A possible cause could be a different mineral-
organic interface or the water content within the bone tissue. It should be noted that
during the bone formation process, the organic matrix, which is predominately collagen,
is firstly deposited at the surface of the trabecula (Boskey, 2001; Ruppel et al., 2008).
This is then followed by the mineralization process. During the mineralization process,
the space that contains freely exchangeable water is gradually replaced by mineral as
shown by other studies (Boskey, 2001; Ruppel et al., 2008). Under this condition, it
is possible that a lower mineral concentration group (e.g. < 20 Ca Wt%) could also
correspond to a higher collagen content (Morris & Mandair, 2011) and a higher water
content in the bone matrix. Therefore, for a given mineral content, the differences
in Er and H between longitudinal and transverse trabeculae seen in the lower Ca
concentration groups may likely be associated with different mineral to collagen ratios
and differences in the organic matrix between them.
Regression analysis showed that the local mineral content was independent of the bone
age (Fig. 7.13). The result is consistent with the recent study by Roschger et al. (2003).
Unlike the observation found at the macroscopic level that bone density was strongly
age-dependent (Grynpas, 1993), at the microscopic level, bone tissue age (as shown
by local mineral content) might be more dependent on bone cellular activity including
bone remodelling. Another possible reason is that about 70% of the overall increase in
degree of mineralization during lifetime occurs within the first 4 years (Gupta et al.,
2005). For this reason, the changes in local mineral content with age might be difficult
to detect in the senior human patients.
7.5 Conclusions
The study in this chapter clearly demonstrated the effect of Ca/indent on the mechanical
properties of trabecular bone tissue using the results obtained from the nanoindentation
testing in Chapter 5 and the qBEI analysis in Chapter 6. It was found that Ca/indent
was significantly higher in the longitudinal trabeculae than in the transverse trabec-
ulae. The statistically significant difference in the local mineral content between the
longitudinal and transverse trabeculae is consistent with the nanoindentation results,
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i.e. the stiffer and harder longitudinal trabeculae are associated with higher mineral
content. Longitudinal trabeculae also exhibited greater resistance to plastic deforma-
tion and less elastic deformation, in comparison to the transverse trabeculae. Another
important finding in this chapter is that the trabecular bone tissue from the proximal
femur that contains bone cysts (i.e. pathological samples) had a tendency of becoming
more brittle than the healthy trabecular bone tissue. Such a tendency was due to the
lower capability of absorbing impact energy in the abnormal trabeculae. The differ-
ence in the mechanical behaviour between the normal and abnormal trabeculae was
attributed to the variation in their mineral concentrations.
A linear association between mineral content and various mechanical properties was
found for the data in this study but the relationship was weak. However, this does
not diminish the importance of the role of the mineral content as a determinant of
bone performance. Instead, the results suggest that the observations (longitudinal ver-
sus transverse and normal versus abnormal) cannot be explained by mineral content
alone. For a similar mineral content, there were significant differences in the mechan-
ical properties, bone tissue deformation and elastic and dissipated energies between
different trabecular types and trabecular conditions. This highlights the possibility
that organic phases (i.e. collagen) may be involved in determining, at least in part, the
mechanical behaviour of trabecular bone tissue. Ca/indent data identified within this
chapter have provided insights into how the mechanical behaviour of trabeculae relate
to compositional characteristics. The next step needed in this investigation is more
data on the organic matrix and the interaction of the mineral component and collagen
in order to understand the quality and performance of bone.
Chapter 8
Conclusions and future works
8.1 Conclusions
The research outlined in the thesis focused on the understanding of the mechanical
behaviour of trabecular bones from the femoral heads. Nanoindentation and qBEI were
used to assess the mechanical properties and degree of mineralization of trabecular bone
tissues, respectively. The primary findings of the thesis are presented in this chapter
and shown below
1) The first study of this thesis detailed the investigation into the effect of sample prepa-
ration on the mechanical properties of trabeucular bone tissue from bovine femoral
heads. Results showed that doubling the ethanol dehydration times would increase the
bone tissue properties and embedded bone tissue in stiffer and harder embedding mate-
rial could potentially provide more support to the tested bone samples. The trabecular
bone tissue harvested from the femoral head exhibited anisotropy in the mechanical
behaviour.
2) The second study of this thesis focused on evaluating the effect of trabecular ori-
entation and indent direction on the mechanical properties of trabecular bone tissue.
This study revealed that longitudinal trabecuale was generally stiffer and harder than
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transverse trabeculae. And both types of trabeculae behaved differently when indent-
ing in different directions. The anisotropy of the mechanical properties of trabeculae
was attributed to variations in the organic matrix (i.e. collagen fibril orientation) and
collagen and mineral interaction. At the microscopic level, the mechanical properties
of trabecular bone were found to be independent of the donor age, suggesting that
age-related fragility involves changes in trabecular microstructure and the regulation
of tissue mass and not the intrinsic properties of the bone tissue. The mechanical
properties of bone tissue measured from femoral heads with and without bone cysts
showed that the bone tissue was stiffer and harder in the pathological condition, which
may lead to high risk of fracture.
3) The third study of the thesis investigated the bone mineral density distribution
(BMDD) of the trabecular bone tissue. Results demonstrated that bone tissue min-
eralization in each trabeculae was heterogeneous, with highly mineralised bone tissue
in the core region and less mineralised bone tissue in the surrounding regions. No
difference in BMDD was found between different trabecular types and pathological
conditions. Also, BMDD parameters were independent on the donor age. The re-
sult suggested that age-related changes in bone compositions may not occur at the
microscopic scale.
4) This chapter clearly demonstrated the effect of local mineral content on the mechan-
ical properties of trabecular bone tissue using the results obtained from the nanoin-
dentation testing and the qBEI analysis. Results found that the mechanical properties
of trabeculae increase with the local mineral content. A linear association between
mineral content and various mechanical properties was found for the data in this study
but the relationship was weak, suggesting the local mineral content alone may not
be sufficient to predict the mechanical properties of trabeculae. This highlights the
possibility that organic phases (such as collagen cross-links, orientation) need to be
taken account in determining the mechanical behaviour of trabecular bone tissue. In
summary, the local mineral content data identified using the qBEI analysis are valuable
for the in-depth understanding of the mechanical behaviour of trabeculae, as well as
the effect of bone composition on them. Future works are needed to explore the role
of organic matrix in the quality and performance of trabeculae.
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Based on the study in this thesis, the following recommendations are made for future
research:
1) Experimental conditions on trabecular bone
As mentioned earlier, the sample preparation used for preparing bone tissue for nanoin-
dentation affect the mechanical properties of bone tissue. However, the testing of
hydrated and unembedded bone samples, especially for trabecular bone, remains a
challenging task. This is due to the porous structure of trabeuclar bone itself. Bone
tissue is naturally hydrated in their in vivo environment. Hence, such tests could help
improve the understanding of the mechanical properties of femoral head trabeuclar
bone that mimics bone’s physiological conditions.
2) Characterisation of the mechanical properties of organic matrix
There exists increasingly more evidence, showing that the organic matrix factors, such
as collagen orientation, interaction between collagen and mineral phases, would con-
tribute to the mechanical properties of trabecular bone at the microscopic level. The
results presented in Chapter 7 also demonstrate that the difference in the mechanical
properties of different trabecular types (orientation) and the anisotropic mechanical
properties of trabeculae could not be explained using the mineral content alone. Fur-
thermore, the results indicate that the mechanical behaviour of trabecular bone, at the
microscopic level, was partially determined by the mineral phases. As bone consists of
both mineral and collagen at the lowest level of hierarchy, therefore, the investigation
on their combined effects could provide a more complete understanding of the role of
bone tissue and their mechanical properties.
3) Finite element modelling
Finite element analysis (FEA) has been commonly used to understand the deformation
behaviour of tissue. However, the application in FEA modeling in trabeculae is compli-
cated due to its hierarchical structure and heterogeneous composition. Most FE models
assume bone is elastic-plastic perfect, isotropic and homogeneous, and therefore, it is
difficult to capture the bone’s relative true mechanical behaviour at the tissue level.
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Moreover, the incorporation of organic and inorganic composite into FEM modelling
would help understand the interaction of these materials and their contributions on
the mechanical behaviour of bone tissues.
4) The viscoelastic properties of trabeculae associated with pathology by
nanoindentation creep test
The use of a holding period at the peak load is to minimize the effects of viscoelastic
behavior on the mechanical properties of bone tissue measured by nanoindentation.
Different penetration depths of the indenter during various holding periods result in
changing the energy dissipation of bone tissue. This indicates that the viscoelastic
properties are more responsible for the ability of bone tissue to dissipate energy than
its elastic properties. Because pathological changes, such as osteoporosis or osteoarthri-
tis, lead to the alteration of trabecular microstructure and result in modification of the
tissue mechanical properties and the capacity of the energy dissipation in bone tissue.
The viscoelasticity of bone tissue plays a role in the damage and the fracture of bone.
Using nanoindentation creep tests will explore the viscoelasticity of bone tissue. The
results can be converted into viscoelastic parameters by combining existing mechanical
models and applied in the extending analysis of plastic deformation. The character-
ization of viscoelastic behaviour of trabecular bone by nanoindentation creep tests
will therefore provide more details about changes in mechanical behaviour associated
with pathological conditions and help in understanding such issue as the level of the
dissipated energy in the fracture process of bone tissue.
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